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Introduction

The Pioneer Batholith is a Late Cretaceous to Paleocene composite
batholith located in the Pioneer Mounta%ns of southwesterﬁ Montana. in-
terest in this batholith stems from its proximity and gross similari-
ties to the larger Boulder and Idaho Batholiths and from the diversity
of rocks emplaced in a relatively short geologic time .span. The spatial
relationship of the Pioneer Batholith to other méjor intrusions in the
area is shown in Fig. 1.

Recent studies in the eastern Pioneer Mountains by Zen and others
(1975), Zen (1977, 1980) and Snee (1978) reveal more than 15 mappable
granitoid plutons ranging from Cretaceous hornblende gabbros, quartz
diorites, granodiorites and granite to Paleocene muscovite granites.
Concurrent investigations of whole rock initial strontium ratios and
radiometric ages led Zen, Arth and Marvin (1980) to suggest that two
magmas were active in the upper crust contemporaneously. Mixing of
magmas, differentiation within each magma, assimilation of country
rock, or a combination of processes may account for the diversity of
rock types and initial strontium values.

This study was undertaken to 1) characterize major plutons in the
northeastern part of the Pioneer Batholith in terms of modal mineralogy
and rock chemistry, 2) determine mineral compositions by microprobe
analysis, and 3) assess minerals as indicators of intensive parameters
during crystallization. Results of this study will contribute to a
larger study aimed at defining the tectonic framework of the Pioneer

Mountains.
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Previous work

Early geologic investigations in the Pioneer Mountaﬁns concentra-
ted on the geology of the mining centers in the area (Karistrom, 1948;
Myers, 1952; Theodosis, 1956; Pattee, 1960) and grouped most of the gran-
itoid rocks as quartz monzonite, presumably related to the Butte Quartz
Monzonite of the nearby Boulder Batholith. Myers (1952) distinguished
.granite from quartz monzonite (granodiorite by Sfreckeisen's 1973
classification of plutonic rocks) at Brown's Lake in the southeastern
corner of the Vipond Park quadrangle where scheelite-bearing skarns
occur at the contact of the intrusion with carbonate rocks of the Penn-
sylvanian Amsden Formation. Collins (1975, 1977) studied these garnet-
pyroxene skarns and concluded that mineralization resulted from fluids
diffusing outward from the intrusion at temperatures in the range 400
to 725°C at an oxygen fugacity (foz) around 10~20 and total pressure
on the order of 0.75 kilobars, based on observed mineral assemblages
and stratigraphic thickness. In 1970, E-an Zen began a study of the
tectonic framework of the Pioneer Mountains. This study involved map-
ping of the Vipond Park, Maurice Mountain and Stine Mountain quadran-
gles at a scale of 1:62,500 and concomitant studies of the age, chem-
istry and isotope systematics of the intrusive and volcanic rocks.
Table I summarizes these studies to date. Zen and others (1975) pub-
lished a preliminary report on the age, chemistry and petrography of
intrusive and contact-metamorphosed rocks. Zen reported on the volcanic
rocks in the Vipond Park quadrangle (Zen and others, 1979) and summariz-
ed the initial strontium data (Zen, Arth and Marvin, 1980). Snee (1978)

mapped parts of the Torrey Mountain, Twin Adams and Polaris quadrangles



TABLE I.

METHOD OF STUDY

1. mapping

2.

4.

5.

6.

7.

8.
9.

radiometric ages

initial strontium

lead isotopes

oxygen isotopes

major element

trace element

mineral chemistry

petrography
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SCOPE-
northeastern Pioneer Batholith
southeastern Pioneer Batholith

K/Ar on mineral separates

K/Ar on whole rock splits
fission track on sphene
Rb/Sr on whole rock splits
whole rock splits

potassium feldspar separates

galenas

s 018 on whole rock splits

rapid rock analyses

instrumental neutron
activation analyses

microprobe analyses
modal analyses

thin section study

Summary of current studies on the Pioneer Batholith

REFERENCE - -
Zen, 1975-1980
Snee, 1978

Marvin,in

Zen and others
(1975)

Snee, 1978

Marvin,
unpublished

Naesar,
unpublished

Arth,
unpublished

Arth, (in
Zen and others,
1980)

Doe, unpublished

0'Neil,
unpublished

this study,
analyses by
Analytical
Laboratories,
USGS

this study,
analyses by
Analytical
Laboratories,
USGS

this study

this study



which cover the southeastern portions of the batholith. Snee reported

on petrography and K/Ar ages for intrusive and volcanic rocks in his

map area. Snee and Sutter (1978) presented data on whole rock chemistry
for the southeastern part of the batholith. Snee is currently continuing
his mapping to the we§t and conducting an extensive study of the

cooling history of the batholith. Regional geochemical studies in the
Pioneer Mountains are being conducted as part of the U.S. Geological
Survey's CUSMAP* program. Berger and others (1979) reported preliminary
results of reconnaissance geochemical exploration in the southern
Pioneer Mountains where several important mining districts (Au,Ag,Cu,
Pb,Zn, W) are located. Berger and others describe two main phases of
mineralization: 1) an early contact metasomatism represented by high
temperature (400-600°C) skarns rich in tungsten and molybdenum and

poor in base metals and 2) a lower temperature system of fracture
controlled vein deposits which cut the skarns and host base metal
deposits. On the basis of similarities in trace element suites from

one deposit to another, Berger and others suggested that a common
genetic process may account for much of the mineralization in the

area.

Pearson and Berger (1980) reported on three bodies of hydrotherm-
ally altered rock which contain molybdenite. A1l three are located in
the central Pioneer Range and are associated with quartz porphyries
intruded into the main granodiorite pluton of the batholith. K/Ar

dates of 66 and 69 Ma on muscovite from altered rock led Pearson and

*CUSMAP: Conterminous United States Mineral Assessment Program
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Berger to suggest that the quartz porphyry may represent a late stage
in the crystallization of the Pioneer Batholith., Although the rocks
have a greisen-like appearance, no actual greisen minerals, such as
tourmaline, fluorite or topaz, were found.

Farther north, at.Cannivan Gulch in the Vipond Park quadrangle,
a molybdenum deposit associated with potassic alteration of a Late
Cretaceous biotite granodiorite stock is currently being developed.
Schmidt and Worthington (1977) described this deposit and reported
K/Ar ages in biotite from the granodiorite (67-68 Ma), coarse hydro-
thermal vein muscovite (59-62 Ma) and vein adularia (55 Ma) and
concluded that mineralization post-dated granodiorite emplacement by

at least 6 million years.



Geology of the Pioneer Batholith

The Pioneer Range trends north-south and is divided in half along
its length by the Wise River valley. The western Pioneer éange is largely
composed of Precambrian quartzites thrust eastward over Paleozoic sed-
imentary rocks and intrusive rocks. The eastern Pioneers consist of
Phanerozoic sedimentary rocks and granitoid rocks of the batholith,.
Snee (1978) described the regional geolgic and structural settﬁng of
the Pioneer Batholith.

A modified compilation of Zen's map of the Vipond Park, Maurice
Mountain and Stine Mountain quadrangles and Snee's 1978 map of parts
of the adjacent Torrey Mountain, Twin Adams and Polaris quadrangles
is shown in Fig. 2. Four groups of plutonic rocks (field names) are
indicated on the map: 1)Cretaceous quartz diorites and more mafic rocks
(Kpd), 2) Cretaceous tonalites (Kpt) and granodiorites (Kpgr), 3) Creta-
ceous granites (Kpg) and border phase porphyritic granodiorite (Kpp)
and 4) Tertiary muscovite granites (Tpg). Areally minor ultramafics of
uncertain association occur as xenoliths in quartz diorite at Cherry
Lake in the Vipond Park quadrangle. Snee mapped hornblende gabbro along
the southern margins of the batholith in the Polaris quadrangle. Other
mafic rocks (pyroxenites, gabbros) occur just north of the the northern
boundary of the Vipond Park quadrangle, near Dewey, Montana; these are
currently under study by Glen Zinter of SUNY, Buffalo. The largest
plutons in the eastern Pioneers are the granodiorite pluton (Kpgr)
that occupies most of the southeastern corner of the batholith and the
Cretaceous granite (Kpg). Porphyritic variants of both these plutons

occur, The map unit "Kpgr" includes Snee's (1978) major granodiorite
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pluton which is continuous into Zen's map area to the north, as well
as several fine-grained biotite tonalites and another granodiorite of
local occurrence which are intrusive into the main granodiorite.

Snee (1978) observed that internal variations in texture and mineralogy
in the major granodiorite are of local occurrence in areas bounded by
different types of country rock. He proposed the possibility that
these variations may represent assimilation of different types of
country rock into the magma by stoping during emplacement. Textural
variations may also result from tapping of different levels of the
magma chambers, i.e., fine-grained variants may have cooled quickly as
the result of a pressure quench. Alaskites, pegmatites and a variety
of dikes crosscut the plutons.

The area immediately east and north of the batholith is occupied
by Cambrian (Cg - Trg ) to Cretaceous (Kg)sedimentary rocks and Tertiary
volcanics (Tv). Zen and others (1979) reported on these volcanics
which consist of several fields of Eocene (47-51 Ma, K/Ar whole rock)
flows ranging from andesite to rhyodacite, one area of Miocene (21 Ma,
K/Ar whole rock) basalt, and a 50 Ma (K/Ar biotite) shallow rhyolite
vitrophyre intrusion. Initial strontium ratios for these rocks range
from .7064.7098, similar to ranges observed for the post-intrusive
Lowland Creek Volcanics associated with the Boulder Batholith. No
extensive pre-intrusive volcanic field comparable to the Elkhorn Mountain
Volcanics of Boulder Batholith terrane is observed in the Pioneers.
However, Snee (1980) mapped volcanics along the southern margins of
the batholith which include a 70 Ma dacite (whole rock 40Ar/39Ar age).

This is the only evidence for volcanism associated with plutonism in the
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Pioneer Batholith encountered so far,
On the west, the batholith intrudes Precambrian rocks. Zen
(written communication) has mapped two groups of Precambrian rocks,
which are indicated as PCY and PCX on the map. PCY rocks are predomin-
ently quartzites, similar to the rccks of the Belt Series. PCX rocks
consist of feldspathic gneisses and amphibolites (1634 m.y. Rb/Sr iso-
chron, Arth, written communication). Arth investigated the Rb/Sr syste-
matics of these rocks and Zen and others (1980) suggested that such ter-
ranes are candidate source rocks for the granitoids on isotopic grounds.
Field Relations

The batholith intrudes a sequence of Paleozoic sedimentary rocks
with Tittle accompanying deformation. Contacts with country rock are
generally sharp and in places a narrow, high temperature-low pressure
contact aureole represented by the assemblage cordierite-andalusite-
biotite is developed (Zen and others, 1975). In the Vipond Park
quadrangle Zen worked out an intrusive sequence based on field rela-
tions and presented supporting radiometric ages on biotite and horn-
blende. Inclusions of quartz diorite were observed in the porphyritic
granodiorite border phase of the main Cretaceous granite pluton. The
relationship between the two major plutons, the Cretaceous granite and
granodiorite, is less clear. In places, the granite cuts the gran-
diorite and truncates the primary foliation in it; elsewhere, the con-
act appears to be gradational. Mafic schlieren and discoid mafic inclu-
ions, many of which are probably cognate, are common to both rocks. Mia-
olitic cavities, though restricted in occurrence -are observed in the

granodiorite.
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Age

K/Ar ages on biotite and hornblende mineral separates from pluto-
nic rocks range from 65 to 78 million years (calculated using current
decay constants). Data are taken from Zen, Marvin and Mehnert (1975),
Snee (1978), and Zen, Arth and Marvin (1980). Snee (1978) reported a
disturbed age of 116 Ma for hornblende from a hornblende gabbro in
the southernmost part of the batholith., This is the oldest age reported
for such rocks from the area, but Ar release studies by Snee indicate
that it is not a geologically significant age. Ages for the main
granodiorite and granite plutons overlap. Agreement between biotite
and hornblende ages from a typical granodiorite (sample IVP) and for
a porphyritic border phase of the main Cretaceous granite pluton (sample
BH9850) is within experimental error.

Snee (1978) analysed four biotite-hornblende pairs in the extensive
granodiorite pluton in the southeastern part of the batholith (same
pluton as sample IVP) by conventional K/Ar methods and found hornblende
ages slightly older (~2 Ma) than ages for coexisting biotite. Snee
(1978) discussed two possibilities for this discrepancy: 1) post-crystal-
lization reheating may disturb biotite ages more readily than hornblende
ages because hornblende has a higher "closing" temperature with respect
to K/Ar or 2) differences in age may represent actual time involved
in cooling from hornblende (400-500°C) to biotite (180-260°C) closing
temperatufes.

Zen and others (1975) suggested that the large age discrepancy
between hornblende (78.3 * 2,1 Ma) and biotite (72.6 + 2.7 Ma) in the
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quartz diorite probably results from metamorphism of the quartz diorite
by later intrusion of the granite. Zen mapped a contact-metamorphosed
dioritic border facies of the granite.

Ages of the two muscovite granite plutons are around 65 Ma (K/Ar
on biotite).

Strontium isotopes

Initial strontium (S;) ratios on dated whole rock samples were de-
termined by Arth (Zen and others, 1980). The values for the intrusive
rocks cluster in two distinct groups. The main Cretaceous granite
pluton and a small, porphyritic granbdiorite border pluton have Si =
0.7132-0.7138 whereas the quartz diorite and granodiorite and Paleocene
muscovite granite have S; = .7113-.7118. Zen and Arth suggest that
the tight clustering of S; values as two contemporaneous magmas,
which may have mixed to produce a gradational zone between granite and
granodiorite in places. Suspected “mixed" rock has characteristics of
both adjacent rocks and an intermediate Sj. All initial strontium
values are significantly higher than those observed for the Boulder
Batholith, which range from 0.705 for Rader Creek granodiorite to
0.710 for the leucocratic rocks of the Donald and Hell Canyon plutons
(Doe and others,1968).

Initial strontium ratios for the extensive Butte Quartz Monzonite

range from 0.7065-0.7077.
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Modal Analyses

Representative samples of the major plutons were chosen for modal
analysis of stained slabs (Fig. 3). Table II contains the results of
counting a minimum of 1000 points on slabs selectively stained for po-
tassium feldspar and plagioclase. The area counted for each rock exceed-
ed 150 cm?. Biotite, hornblende and accessory minerals are grouped as
“mafic" minerals as they cannot be adequately distinguished on stained
slabs. Normalized quartz-potassium feldspar-plagioclase ratios are plot-
ted in Fig. 4 on the ternary diagram used by Streckeisen (1973) to
classify plutonic igneous rocks. Most of the rocks fall within the
granodiorite field; rocks referred to in the field as granite (Kpg)
actually fall within the granodiorite field on the diagram near
Streckeisen's granite boundary. There is no distinct clustering of
points by map unit. The samples from the southern part of the Kpgr
pluton plot closest to the quartz diorite field on the diagram; samples
from the northern part of the pluton, closest to the granite contact
are relatively richer in “"granite" components (alkali feldspar, quartz).
The rocks south of the inferred granite-granodiorite contact are
typically medium-grained to locally porphyritic granodiorites and
tonalites composed of plagioclase, anhedral white potassium feldspar
megacrysts which host inclusions of all other minerals in the rock,
quartz, hornblende, biotite, sphene, magnetite and accessory minerals
(apatite, epidote, allanite, zircon). Rocks north of the contact
contain relatively clean pink potassium feldspar phenocrysts, less
hornblende and more epidote than Kpgr. The Tertiary muscovite granites

occur in discrete plutons north of the main Cretaceous granite pluton.
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Modal analyses show that these are granites; they consist of plagioclase,
white potassium feldspar phenocrysts, quartz, biotite, muscovite and
accessory minerals.

Although the more mafic rocks form small plutons at the outer
margins of the batholith, no simple zoning pattern of rock type from
rim to core of the whéle batholith is observed. Concentrically zoned
plutons, where temperature decreases from rim to core as magma soli-
difies inward from quartz diorite margins through granodiorite and
granite to a porphyritic granite core have been described for similar
calc-alkalic complexes (e.g., Tuolumne Series in the Sierra Nevada
Batholith, Bateman and Chappell, 1979). In the Pioneers, neither gran-
ites nor porphyritic phases are confined to interior regions. The crude
south to north trend of increasing volumes of exposed granite may re-
flect structural control on emplacement or post-emplacement modifica-

tion.
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Pioneer rocks based on modal analysis of stained slabs.
Rock names and field boundaries from Streckeisen (1973).



Petrography

Zen, Marvin and Mehnert (1975) briefly described representative
samples of 5 major intrusive rock types in the Pioneer Batholith and
presented age, chemical, and modal data on them. Snee (1978) described
rocks in the southern part of the batholith. The following descriptions
of the major rock units reflect study of samples collected by Zen and
Snee, as well as their earlier observations. Modal analyses were per-
formed on representative samples of each pluton (see Fig. 3 for loca-
tions) to estimate biotite, hornblende and accessory mineral abundances.
A minimum of 1000 points was counted per thin section. Table III sum-
marizes the modal data.

The following petrographic descriptions are based on thin section
study of about 100 samples. Only those samples for which other types
of data are available are indicated on the sample map in Fig. 3.

Cretaceous quartz diorite

Three small areas of outcrop of medium to fine grained dark grey
quartz diorite occur near the northeastern edge of the batholith in
the Vipond Park quadrangle. All three are separated from the main
body of the batholith and from each other by Paleozoic sedimentary
rocks. A larger area of quartz diorite, sandwiched between tonalite on
the northeast and metamorphosed quartz diorite on the southwest, lies
a few kilometers away. The altered quartz diorite was presumably
hydrated by intrusion of the adjacent Cretaceous granite.

The quartz diorites are heterogeneous, ranging from fine to medium
grained to porphyritic. Zen, Marvin, and Mehnert (1975) presented modal

data on sample 313, from one of the small plugs farthest away from the

18
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granite., Other samples of quartz diorite exhibit varying degrees of alt-
eration. Typical textures are shown in the photos in Fig. 5. Pleochroic
subhedral to anhedral hornblende is the most abundant mafic mineral in
the quartz diorite. In some samples, hornblende is characterized by
brownish cores with green rims; in other samples, all hornblende is
green but displays pafchy coloration., A high-relief, non-pleochroic
colorless to light green mineral forms the the core of some hornblendes
and may represent relict augitic-diopsidic pyroxene. Small grains of an
iron oxide are concentrated in light green altered areas (felted mat
texture) in some hornblende cores. Hornblendes are commonly twinned and
often host patches of brown biotite. Apatite and small opaque inclusions
are common, A distinct blue-green rim is observed on parts of some horn-
biende grains and may be another (sodic?) amphibole, Biotite is brown,
pleochroic, generally ragged in appearance.Some biotite is bent and shows
sweeping extinction., Much of the biotite is disrupted at plagioclase
contacts where small (<0.1 mm), anhedral grains of sphene are concentra-
ted. Chlorite and granular sphene occur along biotite cleavages and ep-
idote is observed with chlorite. Larger (up to 0.5 mm across) anhedral
grains of sphene occur with magnetite adjacent to biotite and hornblende.
Euhedral zoned and twinned plagioclase laths (length to width 2:1
or greater) appear to be an early phase. Degree of alteration varies
from sample to sample. Inclusions of magnetite and apatite are common.
Potassium feldspar is rare to absent. Where present, it is anhedral,
non-perthitic, untwinned, occasionally zoned, occupies areas up to lmm
across and is interstitial to all other minerals in the rock. Though
generally clean, potassium feldspar sometimes contains inclusions of

plagioclase,
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Potassium feldspar forms large subhedral phenocrysts, freguently
displays Carlsbad twins, rarely microcline twins. Perthite is more com-
mon than in the Cretaceous rocks. Myrmekite and inclusions other than
plagioclase are relatively rare in potassium feldspar in the eastern
plutons, more common in the Stine Creek pluton. The sphene and epidote
which characterize the Cretaceous granite are rare in the Paleocene
granite; sphene occurs as small, anhedral grains rather than as euhedral
rhomb-shaped crystals. Opaque minerals consist of blocky magnetites,
similar to opaques in Cretaceous rocks, and small grains (0.lmm maximum
length) of ilmenite and titanohematite within and adjacent to biotite-
muscovite intergrowths. Apatite occurs in both biotite and muscovite;
zircon is observed in biotite, and more rarely in muscovite.

In the porphyritic pluton, a purple isotropic mineral identified
as fluorite is observed in a chloritized biotite. Sagenitic rutile
needles are also observed in chlorite in this rock. Quartz and potas-
sium feldspar relations are not clear cut with regard to which commenced
crystallizing first. Potassium feldspar grains do not host quartz
inclusions in these rocks and occur as more discrete phenocrysts than
in the Cretaceous granodiorite; potassium feldspar probably began
crystallizing before quartz.

Sequences of crystallization

Generalized sequences of crystallization for the minerals in rocks

forming the major plutons of the Pioneer Batholith are shown in Fig.
10. Barker and others (1975) presented such diagrams for the Pikes
Peak Batholith and emphasized that such diagrams are only approximations

and that onset, cessation and overlap of crystallization of phases
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cannot be precisely determined. Diagrams for the Pioneer rocks are
based on observations of 1) inclusion relations, 2) development of
crystal faces of one mineral against another, 3) intergrowths of phases,
and 4) interstitial textures of one phase relative to other phases in
the rock.

Only those phase believed to have crystallized from a melt are
indicated on the diagram in Fig. 10; anhedral sphene, muscovite in

feldspar, epidote and chlorite are therefore not represented.



Major element whole rock chemistry

Twenty-five representative whole rock samples from various plutons
were analysed by the rapid rock method (Shapiro, 1975) in the Analytical
Laboratories of the U.S. Geological Survey in Reston, Va. Separate splits
of four samples were also analysed by x-ray fluorescence by Bruce Chappell
of the Australian National University. Sample locations are indicated
on the map in Fig. 3. CIPW norms and the Thornton-Tuttle differentiation
index (D.1.) were calculated using Bowen's (1971) graphic normative
analysis computer program. Results are summarized in Table IV. Harker
plots and pertinent ternary diagrams are shown in Figs. 11 - 16.

Silica content ranges from 49 to 74 weight per cent. Total al-
kalis (Nay0+K,0) increase from 4% in quartz diorite to 6% in grano-
diorite to up to 8-9% in muscovite granite. Fe0O/Fe03 ratios are
variable (0.4 to 1.5). «

In terms of Peacocks's (1931) alkali-lime index based on the
silica content at which Ca0 = Nay0 + K0, the Pioneer rocks are
calc-alkalic, i.e., the intersection of Ca0 and total alkalis occurs
between 56 and 61 weight per cent Si0p.

A1l of the rocks are quartz-normative and about half are slight-
ly corundum-normative (2.6% maximum). Thus the Pioneer rocks are
slightly peraluminous in terms of chemistry. No aluminum silicates or
garnet have been observed in plutonic rocks. Only the Tertiary granites
host primary looking muscovite, thus there is no correlation between
presence of muscovite and amount of normative corundum. Some clearly

secondary muscovite is present in the Cretaceous granites.
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Table IV. Major element rock analyses and normative minerals for
rocks of the Pioneer Batholith

Map Unit Kpd Kpd Kptl Eptl Kot3

Sample BH9800 M313~-1 M084-2 ¥984-27F M547-1
?lot symbol A B c c D
5109 49,50 52.40 56.70 52.23 61.10
Al)03 18.30 18.20 17.00 ‘ 17.92 15.70
Feq03 4,90 5.10 3.30 3.17 2.30
Fel 6.40 S5.40 4,30 4,45 3.60
Mg0 5.00 3.90 2.90 3.07 2.40
Ca0 9.20 8.70 6.00 6.22 5.60
Nas0 2.40 3.00 ‘ 3.50 3.55 3.30
K70 1.40 1.30 2.10 2.05 3.00
H20 1.10 1.00 1.20 1.50 0.66
TiOy 1.20 1.20 0.97 0.98 0.72
P505 0.26 0.35 0.28 ) 0.26 0.20
MnO 0.16 0.11 0.17 0.13 C.14
2r0y ne.d.* n.d. n.d. 0.03 n.d.
COy 0.03 0.02 0.08 0.12 0.06
Ba0 n.d. n.d. n.d. 0.08 n.d.
F n.d. n.d. 0.05 n.d. 0.05
Total 99.85 100.68 98.53 99.76 98.31

normative minerals

Q 2.98 6.54 11.21 9.29 15.59

c

Z 0.05

Or 8.29 7.63 12.60 12.14 17.94
Ab 20.34 25.21 30.06 30.11 28.256
An 35.08 32.14 34,84 26,97 19.40
Wo 3.65 3.48 1.18 0.69 2.83
En 12.47 9.65 7.33 7.66 6.05
Fs 6.03 3.90 3.94 4,19 3.83
Mt 7.12 7.35 4,86 4,61 3.38
dn

I1 2.28 2.26 1.87 1.89 1.38
Ap 0.62 0.82 0.67 0.62 0.48
r 2.05 0.07
Ce 0.07 0.04 0.19 0.27 J.14
Total 98.93 99.02 98, 30 98.49 99.35
D.I. 32 39 34 52 52
Analyst 3. Smizh L. Artis Z. Hamlin B, Chappell 2. Hanmlin

. b = .
* n.d. = not determined © x=ray fluorescene analvsis
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Table IV. Continued

Map Unit Kot Kpp Kpgr Rogr Kogr
Sample u547-1% - BH9850 - M121-1 FG Ive

Plot symbol D E F G H

§10, 61.27 64.70 65.50 65.50 65.70
All04 16.55 16.40 15.40 15.90 16.20
Feq01q 2.40 2.10 2.40 . 1.90 2.80
FeO 3.65 2.90 1.90 2.30 2.10
Mg0 2.53 1.80 1.50 © 1.60 1.50
Cal 5.45 4,20 3.70 4,20 4,50
Nag0 3.38 3.30 3.70 3.30 3.00
K50 2.26 2.80 - 3.50 2.40 2.60
H90 0.93 0.75 Q.70 0.42 0.80
Ti0; 0.73 0.59 0.42 0.45 0.42
P705 0.17 0.14 0.16 0.20 0.21
MnO 0.1l1 0.10 0.10 0.08 0.08
ZrOz O-Ol n-d. n.d. n-do nede.
ole]} 0.14 <0.05 0.02 0.08 . 0,02
BaO 0.09 n.d. n.d. n.d. n.d.
F n.d. n.d. Ned. nede . n.d.
Total 99,67 99,78 99.00 98.33 99.93

normative ninerals

Q 17.07 22.28 21.14 26,02 26.63
c 0.64 0.92 0.82
Z 0.02

Or 13.40 16.58 20. 89 14,23 15.38
Adb 28.70 27.98 31.62 28.40 25.40
An 23.39 19.96 15.23 19.35 20. 384
Wo 0.79 0.89

En 6.32 4,49 3.77 4,05 3.74
Fs 3.73 2.31 1.01 2.09 1.00
Mt 3.49 3.05 3.52 2.80 4.06
do

I1 1.39 1.12 0.81 0.87 0.80 .
Ap 0.40 0.33 0.38 0.48 0.50
Fr :

Ce 0.32 0.05 0.18 0.05
Total 99.02 99.24 99,31 99,39 99.22
D.I. 39 67 . 74 89 67
Analyst 3. Chappell L. Shapiro Y. Skinner F. 3rown L. Arcis

and others Z. danlin

= ~ .
* n.d. = not detesrmined " x=ray fluorescene analvsis
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Table IV. Continued

Map Unit Kpgr Kpgr KRpogr Kpgr Kpg
Sample vet M831-1 XS M1298-2 M1293-1
Plot symbol H I J jid L
Si0p 65.04 66.40 66,90 67.90 68.40
Al.04 15.98 15.30 15.10 15.00 15.10
Fes04q 2.23 1.80 2.30 2.00 1.60
FeO 2.16 1.60 2.2 1.70 1.90
Mg0 1.80 1.30 1.60 : 1.50 1.40
Ca0 4,53 3.70 3.90 3.80 3.50
Na»0 3.34 3.60 3.10 3.30 3.50
K-0 3.03 3.40 3.80 3.30 3.20
H,50 0.78 0.79 0.28 0.84 0.77
Ti0, 0.47 0.36 0.56 0.44 0.40
P505 0.15 0.12 0.12. 0.13 0.11
MnO 0.09 0.09 0.08 0.07 0.08
2109 0.02 Tede n.d. n.d. n.d.
COq 0.12 0.04 0.06 0.03 0.06
Bao 0.12 n.de. n.d. n.d. n.d.
F nede. n.d. n.d. C.04 0.04
Total 99,87 98.50 100.00 100.03 100.04

normative minerals

Q ' 21.90 23,30 23,92 26.10 26.01
C
Z 0.03
Or 17.93 20,40 22,46 19.49 18.92
Ab 28,30 30.93 26.23 27.91 29.60
An 19.69 15.78 16.06 16.36 16.03
Wo 0.51 0.75 0.88 0.52 0
En 4,49 3.29 3.98 3.74 3.48
Fs 1.52 1.04 .36 0.87 1.696
Mt 3.24 2.65 3.34 2.90 2.32
Hm
I1 0.89 0.69 1.06 0.84 0.76
Ap 0.29 0.28 0.31 0.26
Fr 0.06 0.06
Ce 0.09 0.14 0.07 0.14
Total 98.50 99.21 99.71 99.17 99,24
D.I. 68 73 73 74 / 75
Analvst B. Chappell VY. Skinner H. Smith C. Jones C. Jones
Z. Hanmnlin R. Somers R. Scmers
+

* n.d. = not deternined x-ray fluorescene analvsis
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Table IV. Continued

Map Unit Kpg Kpgr Xpgr Kpg Tpg
Sanple M1228-1 M1272-2 BC M1293-2 M1162-1
Plot symbol M N 0 P Q-
5107 68. 50 68.90 69.50 69.80 70.70
Aly04 14,90 15.10 16.20 14.60 14.80
Feq03: 2.10 1.90 1.60 1.50 1.80
Fed © 1,50 1.60 1.30 1.70 1.20
MgO 1.30 1.20 0.62 1.30 0.90
Ca0 3.50 3.50 3.70 3.30 2.80
Naj0 3.40 3.40 . 3.80 3.30 3.30
Ro0 3.20 3.20 2.70 3.10 3.60
Ho0 0.72 0.67 0.79 0.86 1.00
Ti0p 0.41 0.38 - 0.26 0.40 0.35
P»0g 0.12 0.12 .0.16 . 0.12 C.12
MnO 0.06 0.07 0.08 0.09 0.08
ZrOZ ' nede. ne.d. n.d. n.d. n.de.
CO,y 0.30 0.01 0.04 0.01 0.01
Bao Q.d. n.d. n.d. n.d. n.d.
F 0.04 0.04 n.d. 0.04 0.05
Total 100.C3 100.07 100.75 100.10 100,69

normative minerals

Q 28.07 27.63 2

8.20 29,53 30. 54
c . 0.54 0.07 0.77 0.20 0.79
or 18.90 18. 90 15. 84 18.30 21.13
Ab 28.76 28,75 31.92 27.90 27.73
An 14.46 16.29 16.93 15.29 12.67
Wo
En 3.24 2.99 1.53 3.23 2.23
Fs 0.45 0.87 0.78 1.39 0.28
Mt 3.04 2.75 2.30 2.17 2.59
Hn
I1 0.78 0.72 0.49 0.76 0.466
Ap 0.28 .28 0.38 0.28 0.28
fr 0.06 0.06 0.06 n.08
Ce 0.68 0.02 0.09 0.02 0.02
Total 99,26 99,33 99,23 99.13 99,00
D.I. 76 75 76 76 79

Analyst C. Jones C. Jones L. Artis C. Jones C. Jones
. R. Somers R. Somers R. Somers R. Scners



Table IV. Continued

Yap Unit ¥Kpg
Sample M516-1
Plot symbol R
$i0p 70.90
Al,03 15.70
Feq03 0.74
Fe0 0.58
Mg0 0.37
Ca0 2.10
Na50 5.00
K40 3.10
Hy0 0.56
Ti0, 0.23
P50s 0.07
Mn0 0.03
2r0y n.d.
olo]) 0.02
Ba0 n.d.
F 0.06
Total - 99.43
normative minerals
Q 25.41
c 0.66
z

Or 18.43
Ab 42.55
An 9.49
Wo

En 0.93
Fs 0.13
Mt 1.08
Hm

I1 0.44
Ap 0.17
Fr 0.11
Ce 0.05
Total 99,44
D.I. 36
dnalyst C. Jones
* n.d. = not determined
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Kpg Tda
M744=2 M347-3
S T
71.90 72.00
14.10 13.00
1.70 1.30
1.10 1.20
0.98 0.52
2.70 1.60
3.10 3.10
3.60 5.00
0.22 0.63
0.29 0.27
0.08 0.10
0.06 0.05
nodo n.d.
0.07 0.23
n‘d. n.dO
n.d. 0.08
99.90 " 99,05
33.18 31.71
0.55 0.55
21.30 29.83
26.26 26.48
12.44 5.36
2.44 1.31
0.25 0.78
2,47 1.90
0.55 0.52
0.19 0.24
0.15
0.186 0.53
99.79 99.36
81 38
H. Snith Z. Hamlin
R+ Soners

-+

Tpg Tng
M500 M500%
u U
73.00 72.34
14.30 14.46
0.59 0.58
0.92 0.88
0.41 0.51
2.50 1.57
3.80 3.87
3.90 3.97
0.37 0.70
0.21 0.20
0.13 0.08
0.06 0.05
n.d. 0.01
0.07 0.17
ned. 0.13
0.05 n.d.
100.29 99,52
30.24 30.83

1,45
0.02
22.98 23.57
32.06 32.90
10.41 h.46
0.16
1.02 1.23
0.96 0.90
0.83 9.84
0.40 .38
N.31 0.19
0.08
0.16 0.39
99.63 99.21

85 87

Z. Hamlin 8. Chappell
N. Skinner

x=ray fluorescene analvsis
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Table IV. Continued

Map Unit Rpg Tda Tpg Tpg
Sample BHS " M315-1 M32-1 M1044<1
Plot symbol v I X Y
Si0q 72.80 74,30 74,70 75.60
Al;013 15.10 12.80 13.40 12.60
Feq01q 0.86 0.78 0.41 0.71
Fe0 0.76 0.94 0.16 0.48
Mg0 0.43 0.54 0.26 A 0.29
Cal 2.20 1.10 0.76 1.20
Nas0 3.10 2.70 ) 4.50 3.10
K50 3.50 4,60 4,60 4,30
Ho0 0.96 0.90 0.49 ' 0,45
Ti09 0.20 0.24 0.07 0.14
P505 0.18 0.10 0.05 . 0.05
Mn0 0.08 0.01 0.03 0,08
Zr04 n.d. n.4d. n.d. n.d.
COy 0.02 0.08 0.02 N.03
Bal n.d. n.d. nede. fted.
F n.d. 0.06 n.d. 0.02
Total 00.19 99.12 99.45 99.04

normactive wminerals

Q 36.28 38.51 29.38 38.66
c 2.68 1.96 0.90
YA

Or 20.64 27.42 27.33 25.66
Ab 26.18 23.05 38.29 26,48
An 9.59 3.96 2.79 5.38
Wo 0.23

En 1.07 1.36 0.65 0.73
Fs 0.50 0.71 0,22
Mt 1.24 1.14 0.41 1.04
Hn

I1 0.38 0.46 0.13 0.27
Ap 0.43 .23 0.12 N.12
fr 0.11 0.03
Ce 0.05 0.18 0.05 0.07
Total 99.04 99,09 99.83 89,36
D.I. 83 89 95 91
Analyst L. Artis C. Jones Y. Skinner Z. Hanmlin

R. Somers Z. Hanlin
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these plots is the smooth trend observed for all elements. Al,03, FeO,
Ti0, Ca0, Mg0, and P05 all decrease with increasing silica content
while Nay0 and Kp0 increase. Corundum-normative samples are not distinct
from the main trends for Al,03 or Kp0, as might be expected if rock
chemistry reflected extensive alteration.

Tilling (1973) used binary and ternary plots to study chemical
variation in the rocks of the Boulder Batholith. He found that a
plot of Ky0/K20+Nap0 vs. Si0 best illustrated two different groups of
rocks believed to represent two contemporaneous magmas. Data from the
Pioneer Batholith is shown in Fig. 12. The boundaries defined by Tilling
for the Main Series and Sodic Series rocks of the Boulder Batholith are
outlined. The Pioneer rocks are more like the Sodic Series rocks in
composition. The southernmost plutons of the Boulder Batholith which
belong to the Sodic Series are the closest Boulder plutons to the Pio-
neer Batholith., Other features (higher initial strontium, age span)
distinguish the Pioneer from the Boulder.

A molar AFM plot for the Pioneer Batholith, Fig. 13, shows a smooth
trend towards the alkali corner, Little overlap occurs between map units
and the muscovite-bearing rocks are the most alkali-rich. Within the
granodiorite, the samples closest to the Cretaceous granite contact plot
closest to the granite in composition.

The sum of the oxides represented in the AFM diagram accounts for
less than 50% of the total oxides in the rocks. Wright (1974) and
others have criticized the use of AFM diagrams as a basis for draw-
ing petrogenetic conclusions. As Wright pointed out, related rocks will

show a trend on an AFM plot, but unrelated rocks may also show smooth
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Figure 11, Harkep dtagraﬁs for major elements. in

Pioneer rocks.

Data given in Table IV.
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»

A

Figure 13.

Molar Ko0 + Nap0, FeO, Mg0 (AFM) plot for rocks of the Pioneer
Batholith. Inset shows fractionation trends for the Sierra
Nevada and southern California and Idaho batholiths (Mueller
and Saxena, 1977).
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trends, due to the number of factors (other constitutents) ignored.
Perhaps the most useful aspect of such chemical plots is as a basis for
comparisons between suites of rocks which are thought to represent sim-
ilar processes. The Pioneer trend is similar to trends observed for
other calc-alkalic batholith complexes, such as the Sierra Nevada and
the Boulder, as shown in Fig. 13.
Minor element chemistry

Multi-element instrumental neutron activation analyses were per-
formed on most of the samples to determine rare earth and trace element
abundances.

Chondrite-normalized rare-earth patterns based on data in Table
V are plotted in Fig. 14. Rare earth trends for all the rocks show
relative enrichment in the light REE. Such patterns are consistent
with melts derived from a pyroxene or hornblende rich parent rock
(Zen, written communication). Both pyroxene and hornblende as residual
phases affect melt REE patterns by depleting the middle and heavy REE
(Haskin, 1978).

Selected trace elements and ratios are plotted against silica in
Fig. 15. Rubidium, which exhibits similar chemical behavior to potassium
and is masked by potassium, should show a positive correlation with K.
Due to a larger cation radius (1.49 for Rb* vs 1.33 for K*), Rb should
preferentially concentrate in residual melt phases during fractional
crystallization. In suites of rocks related by differentiation, the typi-
cal trend is for K/Rb to decrease from mafic to acid compositions.
Fig. 16 illustrates such a trend for the Pioneer rocks. The K/Rb ratio

for the Pioneer rocks is nearly constant at 200, rear the high end of
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Table V. Trace element abundances (ppm)*

Map unit Kpd Kpgr .

Sample M313-1 Ive FG BC M121-1 M881-1
Cr <8.4 5.8 7.0 6.6 6.3 7.C
Co 26.3 7.1 7.5 3.6 7.2 7.0
Zn 96 62 49 52 S4 47

Ba 382 916 799 1390 391 1070
Zr 559 249 280 190 189 101

La 26 42 42 40 32 41

Ce 50 70 71 64 54 35

Nd 28 29 25 25 23 23
So 7 6 5 ‘5 4,9 3.9
Eu 1.62 1.24 1.09 0.98 2.93 0.89
Tb 0.95 0.70 0.56 0.47 0.51 ' 0.46
Tnm 0.49 0.41 0.34 0.31 0.31
Yb 3.0 2.2 2.3 1.6 2.1 1.8
Lu 0.45 0.38 0.39 0.23 0.34 0.28
Rb 34 89 n.d. 73 , 112 100
Sr 498 475 n.d. 629 403 409
Map unit Xpp Kog Tpg

Sample BH9850* BHS M744-2 M500 M32-1

Ct 1303 4.0 n.d. 506 501

Co 10.8 2.2 4.7 2.0 . 0.3

Zn 72 29 34 36 17

Ba 993 1393 709 1283 518

Zr 289 156 95 130 S5

La : 51 39 28 35 11

Ce 86 64 48 58 19

Nd 37 23 19 23 8

Sln 6.9 402 406 405 200

Eu ) 1.52 0.97 N.89 0.79 0.32

Be] 0.82 0.52 0.60 0.47 1.2

™ 0.35 0.29 Nede. <0.20 <0.23

Yb : 2.5 105 1.2 101 200

Lu 0039 002& nodc 0.16 0029

Rb 38 98 102 106 123

Sr 428 262 272 250 213

*elements Cr through Lu deteranined bv multielement lastrumental neutren

accivation analysis in U.S.G.S. Laboratcries (P. 3aedecker, L. Schwarz, analysts)
Reported values represent averages of !-3 detarminations per sanmple.

Rb and Sr determired by J. Arth, U.S.C.S. n.d.®not detarmined
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Chondrite-normalized rare earth element patterns for
Pioneer rocks. Data are given in Table V. Plots
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and initiai strontium ratios.



56

T — trrr — e .-iql—f-J N .-.—.- t -.-;— ‘Trror “ !.4:-..,-|.-|‘—:4»4‘(-.—:..—.......—e-..f»dxa'lﬂ..-,.v-..—lqb._l.dij
| ]
s
a oL X + 4
o * X x 4d
o o ] x <4
| 48 B i
a ¢ x +4
a °
N n 0% 0 X X -3
X X <
N a ° 3 X 44
° q
: IFR: : 1
"
5
¢ o x 4 +
r "1 “‘ - -
[ s
0
C
mi N .w L
o X+
o baaaa boaaadasadoosodiaal ] TR ITETE I P T

i 4 ¢ ®& &% & ° T & & 3 a

-

(wdd)y squeusje ®opJy (wdd) sjueweje ®o0u)

8. 7.

sic2

Trace element concentrations (ppm) vs. Si0o for Pioneer
Data are given in Table V.

rocks.

Figure 15.



Rb(ppm) .

57

150
@]
(o]
O
‘ 0]
100 Q)O
00 O
O
0
50—
o 0
O
T ] T ]
0 1 2 3 4

% K

Figure 16. Rb (ppm) vs. %K diagram for Pioneer rocks.



bt e e i v 83w e L e e ot e

58

the range (160-300) usually observed for granitic rocks. The lowest
K/Rb ratio,220, is for a contaminated quartz diorite and the highest,
378, is for a tonalite which may actually be part of another group of
intrusive rocks (probably Cretaceous, but exact age uncertain). High
K/Rb ratios are consistent with crystallization of biotite from the
melt, i.e., removal of a low K/Rb mineral from the melt. The effect
of potassium feldspar removal, a high K}Rb mineral, should be to de-
crease the K/Rb ratio in progressively more felsic rocks, as observed
in the Sierra Nevada by Bateman and Chappell (1980). All of the Pioneer
rocks contain biotite, and all but the quartz diorite contain potassium
feldspar, which appears to be a phase that begins crystallizing late
in the stages of magma solidification on textural grounds relative to
plagioclase, quartz and mafic minerals.

Rb and Rb/Sr tend to increase with increasing silica content; Ba

is erratic and Zr tends to decrease.

~in S



Mineral chemistry
Analytical technique

Major element compositions of amphiboles, micas, feldspars and
accessory minerals in polished thin sections were determined by
microprobe analyses. Collection sites and distribution of samples
among the various plutons of the batholith are indicated on the sample
location map in Fig., 3. ARL microprobes at the U.S. Geological Survey
in Reston, Virginia (3 channel) and at V.P.I. & S.U. (9 channel) were
used in this study. Both probes were operated at 15 KV with beam current
0.05 - 0.10 microamps. Natural mineral standards were used for most
elements and data reduction was accomplished by using automated Bence-
Albee correction schemes (1968) incorporating Albee & Ray's (1970)
alpha factors. Standard deviations on replicate analyses indicate
that values obtained are reliable to * 3% of the amount present for
major elements in a mineral (>20 weight %) and to %= 10% of the amount
present for minor elements (<20 weight %). Complete tables of analyses
for hornblende, biotite and muscovite from representative samples are
given in Appendices I-III. Mineral separations of hornblende, biotite,
muscovite and potassium feldspar were obtained for some samples in
conjunction with age and isotope studies and separates were available
for selected chemical and x-ray studies.

In order to estimate ferrous/ferric iron ratios in biotites, fer-
rous iron was analysed by decomposing biotite separates by HF digestion
in a dry nitrogen atmosphere followed by titration with a standard di-
chromate solution using diphenylamine sulfonate as an indicator. This

is a modification of the procedure outlined by Shapiro (1975). Average

59
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total iron as FeQ for a given sample was taken from microprobe data

and the difference between FeQ by microprobe and Fe0 by titration was
computed as Fep03. The ferrous iron value determined by this method

is a minimum. Apart from analytical error, two major sources of error
exist: 1) oxidation during handling of the sample and 2) erroneous
total iron determination by microprobe. Samples were ground by hand

in an agate mortar in air, handling times were kept as short as
possible, and acid decompositions and titrations were done in an
atmosphere of flowing dry nitrogen to reduce the risk of oxidation.
Standards were analysed along with the samples to check accuracy and
replicate analyses were done, sample permitting. Points for microprobe
analysis were chosen to include variations in grain size and rim to core
relations in grains. Total iron was checked by atomic absorption analy-
sis for two samples; results are within the standard deviations deter-
mined by microprobe. Results of Fe analysés are shown in Table VI.

Three biotite separates and two muscovite separates were analysed
for 1ithium by flame emission spectrophotometry.Samples were put into
solution by digestion with HF, HNO3 and HC1 (Maxwell, 1968). Standards
were made up from crystalline LipC03 and corrected for silica. A stan-
dard rock (U.S.G.S. GSP-1) was prepared as an unknown and run with the
micas. All five micas are low in lithium. Results are given in Table VIb.

Structural states of potassium feldspars were determined by the 3-
peak method of Wright (1968). Separates were obtained from ground whole
rock splits by using heavy liquids and magnetic separation or megacrysts
were drilled out of hand specimens. Peaks were determined by averaging

triplicate scans (1/2°/minute) of smear mounts with CaF as an internal
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Table VIa. Results of iron analyses on biotites.

Fe0 (weight percent)

Method of analysis microprobe *1] atomic absorption *2 titration *3

Map unit|Sample

Kpd M313-1 19.34

£ 0.48 16.78

Kpgr FG 17.21 = 0.23 14.17
M121-1 17.54 £ 0.19 17.92 14,28

Kpg BHS 17.48 £ 0.27 17.96 15.22
Kpp BH9850 19.53 £ 0.58 16.25
Tpg M500 21.43 = 0.47 17.43

*] average values for total iron as Fe0 = 1 standard deviation
*2 total iron as Fe0

*3 average values for ferrous iron determined by titration with standard
dichromate solution using diphenylamine sulfonate indicator

Table VIb. Results of lithium analyses on micas.

Sample % Li
USGS Standard GSP-1 0.003*
M500 Muscovite 0.004
BHS Biotite 0.036
FG Biotite 0.023
M121-1 Biotite 0.036

*Reported values for Li range from 0.0026% to 0.0053%



standard. A diffractometer equipped with a curved graphite monochrometer

was used for all x-ray work.

Hornblende

Representative analyses of hornblendes are cited in Table VII.
Formulae were calculated on the anhydrous basis of 23 oxygens {Borg,
1967). F and C1 for some points were determined by microprobe;
Fet3/Fet3+FetZ was defined as 27% for all analyses based on ferric and
ferrous iron values in three chemical analyses on separates from dif-
ferent plutons. Average probe analyses are in good agreement with
th? chemical analyses (Table VIII). A theoretical water content was
calculated as a check on oxide sums. Site occupancy assignment for
cations follows the scheme described by Czamanske and Wones {1973).

A1l of the amphiboles analysed are "magnesio-hornblendes" as de-
fined by Leake (1978);i.e., Si=6.50-7.25, Mg/Mg+Fet2>0.50, (Ca+Na)>1.34,
Na<0.67, (Na+K)<0.50 and Ti<0.50. In the Pioneer hornblendes, most Al
enters the tetrahedral site, virtually all Na enters the A site and Ca
is constant at 1.8-1.9 cations per 23 0. Where core-rim differences
are noted, the cores are higher in total Al and Ti and lower in Si
relative to the rims, reflecting dropping temperatures and increasing
silica activity as crystallization proceeds. Fig. 17 illustrates the
relative differences in hornblende composition and variation in compo-
sition within a single grain for a) a quartz diorite, sample M107-1,
where a brownish core and distinct greenish rim are observed and b) a
granodiorite, sample WC, which exhibits patchy coloration but no distinct

core and rim.
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Table VII.

Map Unit
Sampl

$i0,
A1203
Fep03*
Fe0D
Mgl
ca0
Na»0
K20
T102
MnO

F

Cl

Sum
F=0
C1=0
H20 calc

Sum

Cations on the basis of 23 oxygens

Si
ATV
T .
A]V1

Fet3
Fet2

Mg

Fe/Fe+Mg
#Points

Comment

*311 Fe203 calculated for 27% Fe

Hornblende analyses.

Kptl
M984-2 M984-2
42.02 45,96
10.64 7.02
4.59 5.20
11.16 12.66
11.60 11.81
17.02 10.52
2.09 1.33
0.94 0.49
3.40 1.25
0.42 0.45
n.d. n.d.
n.d. n.d.
97.88 96.70
2.01 2.00
99,89 98.70
6.25 6.89
1.75 1.11
8.00 8.00
0.12 0.13
0.51 0.59
1.38 1.50
2.57 2.64
0.38 0.14
0.04
5.00 5.00
0.02 0.06
0.08
1.76 1.69
0.22 0.17
2.00 2.00
0.39 0.22
0.18 0.09
0.57 0.31
n.42 0.44
3 3
brown green
core rim
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0.08
0.26

0.30
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46.91
8.13
4.52

11.00

12.91

12.30
1.25
0.68
1.22
0.73
0.27
0.09

100.01

0.11
0.02
1092

101.80

6.78
1.22
8.00
0.17
0.49
1.33
2.78
0.13
0.09
4.99

1.91
0.09
2.00
0.26
0.12

0.38

0.40

M704-1

44,64
8.88
4,87

12.61

11.36

11.75
1.39
1.01
1.19
1.00
n.d.
n.d.

98.70

2.03
100.73

6.60
1.40
8.00
n.14
0.58
1.56
2.50
0.14
0.08
5.00
0.05

1.86
0.09
2.00
0.31
0.18

0.49

N.46

core
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Table VII., Continued

Map Unit Kpgr Kpp Kpg

Sample M704-1 M121-1 BH9850 M1293-1 M1119-1
$i07 46.20 44.42 43.79 46.78 44.70
A1,03 7.80 9.39 8.41 7.72 8.43
Fes03* 4.90 4.84 5.09 4.59 4.87
Fe0 11.93 11.77 12.38 11.10 11.86
Mg0 12.72 11.94 11.40 11.92 11.36
Ca0 12.04 12.40 12.09 11.94 12.56
Nao0 1.19 1.35 1.24 © 1.18 1.20
K20 0.77 1.00 0.84 0.92 0.81
Ti02 0.95 1.22 1.24 1.08 1.13
MnO 0.99 0.78 0.68 0.77 0.87
F n.d. 0.30 0.21 n.21 n.d.
C1 n.d. n.d. 0.09 n.d. n.d.
Sum 99.49 99.41 97.46 98,27 97.80
F=0 0.13 0.09 0.09

C1=0 0.02

H20 calc 2.05 1.89 1.87 1.94 2.01
Sum 101.54 101.18 99.22 100.12 99.81
Cations on the basis of 23 oxygens

Si. 6.75 6.54 6.60 6.88 6.67
A1V 1.25 1.46 1.40 1.12 1.33
T . 8.00 8.00 8.00 8.00 8.00
AIV1 0.09 0.17 0.09 0.22 0.15
Fe+3 0.54 0.54 0.58 0.51 0.55
Fet2 1.46 1.45 1.56 1.38 1.48
Mg 2.77 2.62 2.56 2.61 2.53
Ti 0.10 0.14 0.14 0.12 0.13
Mn 0.04 0.08 0.07 n.10 0.11
M1-M3 5.00 5.00 5.00 4.94 4,95
Mn 0.08 0.02 0.01 0

Fet2

Mg

Ca 1.88 1.96 1.95 1.88 2.00
Na 0.04 0.02 0.04 0.12 0
Mg 2.00 2.00 2.00 2.00 2.00
Na 0.29 0.37 0.32 0.22 0.35
K 0.14 0.19 0.16 0.17 0.15
Ca 0.01
A 0.43 0.56 0.48 0.39 0.51
F 0.14 0.10 0.10

C1 0.02

Fe/Fe+Mg 0.42 0.43 0.45 0.42 0.45
#Points 2 3 2 4 3
Comment rim core

*all Fe,0, calculated for 279 Fe+3
203
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67

Compositional variations within amphibole grains and between rock
types may be studied in terms of simple and coupled substitutions.
Amphiboles deviate from the simplest amphibole formula, tremolite,
© Cajp Mgg Sig 0p, (OH), where o stands for a vacancy in the A-site,

Ca fills the My site, Mg fills the M;-M3 sites and Si is the only tetra-
hedral cation present; by a variety of coupled substitutions which may
be broken down into 4 main types (Doolan and others, 1978) depending

on which sites are involved. Czamanske and Wones (1973) also described
in detail the coupled substitutions which maintain charge balance and
give rise to end-member amphibole compositions. Table IX gives examples
of possible substitutions.

Fig. 18 shows the range of composition within each map unit in
terms of tetrahedral Al and total A-site occupancy variation with Ti.

Robinson and others (1971) noted that the relationship
Aliv= 1 A-site + (A1Vi+ Fe*t3+ 2Ti*4) is obeyed for the edenite and
tschermakite substitutions. Fig. 19 shows that although some analyses
fall along the 1A17V:1(A+A1Vi+Fe+342Ti*4) 1ine, most 1ie below the line,
suggesting that substitutions involving the My site are operative.
Plots of Nay, vs A-site and Nay, vs (A1Vitre*3), which test for the
richterite and riebeckite-glaucophane substitutions, respectively,
were largely uninformative. Doolan and others (1978) presented a plot
of (A]Vi+Fe+3+2Ti+4)-Nam4 VS A11V+NaM4 for 840 amphibole analyses from
the literature. Such a plot best separates the effects of various
substitutions. As this study pointed out, the quantity (A1VisFe+3+2Ti+4),
which they define as y*, sums glaucophane and tschermakite substitutions

and y*-Namg removes the effect of the glaucophane substitution., They



»

68

TABLE IX. Some types of possible coupled substitutions in amphiboles

SITE AMPHIBOLE
A Ma My -M3 T
Cay Mgs Sig ideal tremolite
Na,K Al edenite
Na Na richterite
Na Al glaucophane
Na Fet3 riebeckite
2 Na Ti
Al Al tschermakite
Fet+3 Al
Ti 2 A
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Figure 18. Variation of AIV1 and total A-site occupancy as a function
of Ti per formula unit for hornblende, from major plutons
of the Pioneer Batholith.
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found that all analyses fell below a line defined by the equation
y*-Nay,=0.82 (AliV+NaM4) and that most fell along a line with a slope
of 0.65. Fig. 20 shows the trend observed for Pioneer amphiboles on
such a plot. Changes in Ti content within grains and between rocks sug-
gest that Ti is involved in coupled substitutions. Ti in Mj-M3 may be
coupled with an My occhpant in a glaucophane (2Na+Ti)-type substitution
or with tetrahedral occupants in a tschermakite (Ti+2AliV)-type sub-
stitution. Figure 18 illustrates a positive correlation between AYiv
and Ti. Several aspects of these plots are noteworthy. First, there
is a poor linear fit through the data, closer to a 1:3 slope than the
1:2 slope expected for a Ti:2Al substitution. Zen (1980, written
communication) noted the abundance of Fet3 cations (Fe*3:Ti ~ 3:1) and
suggested that a 1:3 slope may arise from a combination of a Ti-
tschermakite (Ti+2A1) and a tschermakite (Fe+3+A1) substitution.
Second, the most A1iV and Ti rich compositions correspond to cores in
hornblendes from quartz diorite and tonalite. Rim compositions fall

in the middle of the range of compositions, where most granite and
granodiorite analyses lie. The least Al- and Ti- rich compositions
correspond to granodiorite samples from the southernmost parts of the

batholith,
Discussion

Substitutions in hornblendes have been investigated by field and
experimental studies and attempts have been made to correlate trends
observed with changes in T, fgo and bulk composition. Dodge, Papike
and Mays (1968) reported on hornblendes in the Sierra Nevada Batholith
and cited studies which propose that Al substitution for Si increases

with increasing temperature of crystallization. Relative stabilities
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of amphiboles investigated experimentally - pargasite is thermally

more stable than tremolite (Ernst, 1968) - and the observation of
increasingly more pargasitic hornblende (relative to tremolitic) with
increasing metamorphic grade agree with this proposal. Helz (1973)
reported on hornblende compositions encountered in experimental runs

on basalts and found the the total A-site occupancy and tetrahedral Al
increased with increasing temperature for a given bulk composition and
oxygen fugacity. She proposed that linear trends observed for plots of
Al1iVys, A-site (slopes +2, +3 depending on bulk composition) result
from crystal-chemical constraints required to maintain charge balance
when Ti (+4) and A1(+3) substitute for +2 cations in the M;-M3 sites;
i.e., a change in edenite-type substitution is counterbalanced by a
change in tschermakite-type substitution. Furthermore, Helz confirmed

a temperature dependence for the Ti-tschermakite substitution suggested
by the observation of increasing Ti0, in amphiboles at higher metamorphic
grades and the occurrence of kaersutitic hornblendes in high temperature
rocks. Helz demonstrated that the extent of the Ti-tschermakite sub-
stitution depends on oxygen fugacity as well as temperature. Decreasing
fo2 at constant temperature and bulk composition resulted in 1) an
increase in Ti0p content in Helz's hornblendes (hematite-magnetite

to quartz-fayalite-magnetite buffer ranges for fyy), and 2) higher
Fe/Mg ratios. Helz also found that at constant fgp, Fe/Fe+Mg generally
decreased and Ti0, increased with increasing temperature. Fig. 21
shows the trends in Fe/Fe+Mg and Ti0Op in hornblende observed in three
of Helz's experiments--the 192] Kilauea olvine tholeiite on the quartz-

fayalite-maqgnetite (QFM) and hematite-magnetite {HM) buffers and the
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1801 Hualalai alkali basalt on the quartz-fayalite-magnetite buffer.
Despite the fact that these bulk compositions are not directly applicable
to the Pioneer study, Helz's experiments (PH,0 = 5 kbar, T = 680-1000°C)
do show the relative effects of varying intensive parameters on hornblende
compositions which span the range of hornblende compositions encountered
in the Pioneer and othér calc-alkalic batholiths. 1In all three
experiments Helz reported reaction of hornblende + sphene in the
temperature range 850° to 1000°C to produce a more Ti- and Mg-rich
hornblende (QFM conditions) or Mg-rich hornblende and titanohematite
(HM conditions).

Hornblende data for the Sierra Nevada Batholith (Dodge and others
1968), the Southern California Batholith (Larsen and Draisin, 1950),
the Finnmarka Complex (Czamanske and Wones, 1973) and the Pioneer
Batholith are also shown. A normal, or "reducing" trend of crystal-
lization, where fgo decreases as temperature drops resulting in crystal-
lization of more iron-rich mafic silicates as differentiation proceeds
was proposed by Dodge et al., for the Sierra Nevada rocks. At Finnmarka,
a trend of oxidation with differentiation has been established by field
study and examination of mineral chemistry (Czamanske and Mihalik, 1973;
Czamanske and Wones, 1973). The range of compositions of Pioneer
amphiboles is similar to the Sierra Nevada and markedly different from
the Finnmarka trend. High Ti contents for hornblende cores in quartz
diorite and tonalite indicate that they formed at higher temperatures
than rims and granodiorite and granite horndolendes. Bulk composition
as well as the drastic effects of relatively high oxygen fugacities on
Timiting Ti may account for the limited Ti0, in Pioneer and Sierra

amphiboles (i.e., fgp was higher than QFM buffer conditions throughout).
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Biotite

Brown biotite occurs in all of the rocks of the batholith., In terms
of end-member biotite compositions, the Pioneer biotites are intermediate,
falling along a trend between phlogopite and siderophyllite, as shown
in Fig. 22. Table X gives representative microprobe analyses. Ferric/
ferrous ratios were determined for at least one sample per map unit,
and resulting ratios were applied to all samples from a given unit. As
previously discussed, Fe0 values are a minimum, but it was believed
that minimum Fe0 values were preferable to calculation of all iron as
Fe0.

Silicon and aluminum fill the tetrahedral site and in most'cases,
aluminum also enters the octahedral site. M-site occupancies (Al1Vi+Fe+3:
Fe+2+Mg+Mn+Ti) range from 2.79 to 2.90 éut of an ideal 3.00 based on 11
oxygens per formula unit. A-site occupancies (K+Ca+Na) range from 0.91
to 1.01. Fluorine and chlorine were analysed by microprobe for some
samples; fluorine atoms per formula unit always occupy less than 10% of
the available 2 anions per OH-site. No significant amounts of chlorine
were detected. Lithium, which may substitute for Al, commonly increases
with differentiation (Deer, Howie & Zussman, 1963). Li analyses for
three biotite separates (Table VIb) ranged from 0.023% and 0.036% Li for
Cretaceous granodiorite to 0.036 for typical Cretaceous granite.

A1l three values are lower than reported values for biotites from
calc-alkalic igneous rocks (Nockolds, 1947; Deer and others,1963),

which are around 0.1-0.3% Li20.
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Nockolds (1947) compiled data on variations in igneous biotite
compositions with rock type For calc-alkalic intrusive rocks, Nockolds
found that in the progression of mineral assemblages from biotite +
hornblende to biotite along to biotite + muscovite, SiiV in biotite
decreases while A1TV, AIV1 and FeO/Mg0 usually increase. Such trends
are observed for Pioneer biotites. Biotites coexisting with muscovite
are the most Al-, Fe-, and Mn-rich. This suggests that biotite is of
appropriate composition for coexistence with magmatic muscovite. As
Nockolds pointed out, the association of muscovite with Al-poor biotite
would support a secondary origin for muscovite, provided biotite did
not reequilibriate during muscovite formation.

Simple and coupled substitutions similar to those observed in
amphiboles may also apply to biotites, although assignment of cations
to particular sites is less constrained. Mg decreases as Fe (total
iron) increases. Consistent with observed trends in amphiboles,
biotite from quartz diorite and tonalite fall in the middle of the
range of compositions.

As in the amphiboles, AV decreases with increasing Ti (Fig. 23),
suggesting a 3Ti » 4A1V1 substitution. Anderson (1980) cited numerous
recent‘studies of metamorphic assemblages which indicate that the
limits for Ti saturation in biotites and hornblendes decrease with
decreasing temperature. Robert (1976) and Abrecht and Hewitt (1980)

. investigated Ti solubility in phlogopite and biotite experimentally and
substantiated Ti dependence on temperature. Average weight% Ti0p in
biotite varies from a high of 4.7% in the northernmost tonalite pluton

to a low of 2.6% in Paleocene muscovite granite.
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Nap0 is low (<0.20 weight per cent) for all biotites. Wones
(1980) interpreted low Nap0 contents of Lucerne biotites as a result of
subsolidus reequilibration on the basis of Rutherford's (1969) experimental
work on iron biotite-alkali feldspar equilibria which indicated higher
Nag0 contents for iron biotites coexisting with intermediate alkali
feldspar. ‘

Several lines of evidence indicate-that biotite in the small quartz
diorite pluton has been affected by intrusion of the nearby Cretaceous
granite pluton, as suggested by Zen, Marvin and Mehnert (1975). First,
biotite from the quartz diorite gives a disturbed Ar spectrum (Snee,
informal communication) and is in disagreement with the hornblende
age. Second, Fe/FetMg ratios, Fe*2/Fe*3 ratios and Ti0, contents are
similar to those observed for nearby granite. Third, some of the

biotite exhibits sweeping extinction suggesting a metamorphic texture.
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Table X. Biotite analyses.
(averages * 1 standard deviation)

Map unit  Kpd Kpty Kpgr

Sample M313-1 M984-1 FG

$i0; 35.57 .77 36.59 .70 36.98 1.02
Al1,03 15.02 .40 14.55 .44 14.82 .20
FeOt 19.34 .48 21.09 .58 17.21 .23
Mg0 11.25 ..20 10.84 .23 13.87 .42
Ca0 0.09 .04 0.06 .02 0.06 .02
Na»>0 0.08 .01 0.15 .04 0.14 .03
KZS 9.38 .24 9.49 .16 9.92 .17
T10, 3.25 .60 4,74 .37 4.44 .32
Mn0 0.30 .05 0.45 .04 0.58 .02
F 0.05 ND

C1 0.28 ND

Sum 94.53 97.96 98.02

FeO* 16.78 14.17

Fe03 2.85 3.38
Hp0(calc) 3.77 3.99 4.06

Sum 98.30 101.95 102.08
Cations on the basis of 11 oxygens

Si. 2.76 2.75 2.73
A1V 1.24 1.25 1.27
AVl 0.13 0.04 0.02
Fet2 1.25 1.32 1.06
Mg 1.30 1.21 1.53
Ti 0.19 0.27 0.25
Mn 0.02 0.03 0.04
Ca 0.01 0.0 -

Na 0.01 0.02 0.02

K 0.93 0.91 0.94

F 0.01 - -

C] 0.04 - -

M 2.76 2.83 2.85
A 0.95 0.93 :

Fe/Fe+Mg 0.49 0.52 0.41
#points 4 8 5

*based on Fe0O titration

Kpgr
BC

36.26
14.37
17.52
12.23
0.08
0.12
9.65
3.90
0.98

95.11

3.92
99.03

.78
.32
‘56
.51

.11
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Table X.
Map Unit
Sample

Si0p
A1203
FeOT
Mg0
Ca0
Na»0
Kzg
T10o
MnO
F

C1

Sum

Fe0
F8203

Ho0(calc)
Sum

continued

Kpgr
WC

36.09
14.05
18.55
11.96
0.03
0004
9.95
4.42
1.03

95.22

3.90
99.12

.41
27
'56
.44
‘05
.07
.15
.28
.17
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Kpgr
MC

36.27

14.05

18.83

12.01

ND

ND
9.57
4.04
0.52

95.29

3.92
99.21

Cations on the basis of 11 Oxygens

Si,
A]1V
A1Yi
Fet2
Mg
Ti
Mn
Ca
Na

K

F

C1
OH(calc)

M
A

Fe/Fe+Mg

#points

2.78
1.22
0.05
1.19
1.27
0.26
.07
9

oo O

1
8

2.00

2.84
0‘99

0.48
16

2.78
1.22
0.05
1.21
1.37
0.23
0.03

0.94

2.00

2089
0.94

0.47

4

.30
.22
.27
.14

.10
.17
.18

Kpgr
Ip

36.61
14.63
17.79
12.42
0.08
0.14
9.13
3.50
0.57
0.27
0.02

95.04

3.80
98.84

L ]
301)OOON-F~HHN\J

ON - PO WO

COOOOCOOHHOFN
L ]

1.93

2.89
0.93

0.45

.68
.36
.54
.59

.05

007
.19
.27
.10
009
.02

Kpgr
M708-1

36.08

14.08

17.64

12.55

ND

ND
9.56
4.28
0.71

94.90

.52
.28
.34
.30

.39
.43
.09



Table X.
Map Unit
Sample

Si02
Al703
Fe0
Mg0
Ca0
Na»0
Kzs
T102
MnO
F

C1

Sum

Fel
Feo03

Ho0(calc)

Sum

Continued.

Kpgr
M881-1

36.59
14.78
17.86
12.48
0.03
0.10
9.66
3.23
0. 70

95.43

13.76
4.56

3.94
99.37

Cations on the basis

Si,
A1V
A1V
Fet2
Mg
Ti
Mn
Ca
Na

K

F

C1
OH(calc)

M
A

Fe/Fe+Mg

#points

2.78
1.22
0.11
1.14
1.42
0.18
0.04

0.02
0.94

2.00

2.89
0.96

0.45
2

.03
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Kpgr
M342-1

37.78
14.70
18.02
12.85
0.04
0.11
10.05
3.29
0.69
0.28

97.69

3.90
101.59

of 11 Oxygens

e o e o @ e o

O WO [ Wl Wl R 0 o]
~NOTN SO O W

OCOOo QOO MO MN

—
(Yo
w

2.86
0.97

0.44

.85
.48
.70
.65
003
.03
.58
.46
.16
A1

Kpgr
M121-1

36.76
14.78
17.54
12.66
0.05
0.14
9.93
3.27
0.68
0.40
ND

96.04

14.28
3.62

3.77
99.81

. L]
(e R N N A Y ]
SO wWw o

OO O OO OFN
.

)
-0 O
oM

.63
.45
.19
.23
.07
.05
.17
.16
005

Kpgr
M697-1

33.73
14,40
19.14
11.58

0.02

10.17
4,22
0.60
0.29

ND

94.03

3.67
97.69

e o o o
SOMNNWNO WD
N

COHrFOMFMN
SO

1.02
0.09

1.93

2.91
1.02

0.48

.58
.23
.36
.06
.02

.16
.30
.18
§06
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Table X. Continued.

Map Unit Kpgr _ Kpp Kpg . Kpg
Sample M704-1 BH9850 M744-2 M1293-1
Si0 36.63 1.05 39.94 0.76 34.81 0.25 37.28
A1253 15.10 0.36 15.17 0.86 13.58 0.49 14.33
Fe0 18.31 0.36 19.53 0.58 17.76 0.33 17.97
Mg0 12.65 0.10 10.98 0.40 12.86 0.16 11.87
Ca0 0.07 0.01 0.08 0.06 0.16 0.13 0.03
Na»0 0.11 0.01 0.09 0.03 ND 0.12
K25 9.66 0.30 9.68 0.35 9.95 0.43 9.8]
T102 3.05 0.20 2.60 0.47 3.52 0.24 3.42
MnO 0.76 0.05 0.48 0.07 0.69 0.09 0.62
F 0.28 0.18 0.61 0.06 0.30
C1 0.01 0.01

Sum 96.34 95.72 93.68 95.63
Fel 16.25

F8203 3.65

HoO(calc) 3.97 3.79 3.53 3.80
Sum 100.31 99.58 99.51 99.44
Cations on the basis of 11 Oxygens

Si . 2.76 2.82 2.73 2.83
A1V 1.24 1.18 1.26 1.17
AIV1 0.11 0.19 0 0.12
Fet2 1.16 1.25 1.17 1.14
Mg 1.42 1.25 1.50 1.34
Ti 0.17 0.15 0.21 0.20
Mn 0.05 0.03 0.05 0.04
Ca 0.01 0.01 0.01 0

Na 0.02 0.01 0.02
K 0.93 0.94 1.00 0.95
F 0.07 0.15 0.07
1 0

OH(calc) 2.00 1.93 1.85 - 1.93
M 2.91 2.86 2.93 2.84
A 0.95 0.96 ' 1.01 0.97
Fe/Fe+Mg 0.45 0.50 0.44 0.46

#points 7 12 5 5

« o o o o o o o
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Table X. Continued

OCOO0OOOOCOOOO

Map Unit Kpg 7 Kpg Tpg - Tpg
Sample M1119-1 BHS M500-1 BLM9800'
Si02 36.02 0.47 36.01 0.93 35.34 0.47 34,32
Al,03 14.95 0.21 15.87 0.42 17.23 0.42 16.70
Fe 18.63 0.22 17.48 0.27 21.43 0.47 24.04
Mg0 11.28 0.22 10.69 0.57 8.88 0.47 6.94
Ca0 0.02 0.04 0.03 0.04 0.04 0.02 0.07
Nao0 0.16 0.11 0.10 0.04 0.09 0.05 0.08
KZO 9.05 0.14 9.55 0.44 10.02 0.43 9.92
MnO 0.43 0.03 0.81 0.08 0.93 0.09 1.17
F 0.54 0.16 0.92 0.10 0.82
C1 0.01 0.03 0.03 0.01

Sum 93.51 93.60 97.17 96.69
Fe0 15.22 17.43

Feo03 2.51 4,45

Ho0(calc) 3.86 3.60 3.47 3.44
Sum 97.37 92.20 100.64 100.14
Cations on a basis of 11 Oxygens

Si. 2.80 2.80 2.71 2.69
A1V 1.20 1.20 1.29 1.31
ATV? 0.17 0.25 0.26 0.23
Fet2 1.21 1.14 1.37 1.57
Mg 1.30 1.24 1.01 0.81
Ti 0.17 0.16 0.15 0.18
Mn 0.03 0.05 0.06 0.08
Ca 0 0 0 0.01
Na 0.02 0.02 0.01 0.01
K 0.90 0.95 0.98 0.99
F 0.13 0.22 0.20
C1 0 0 0
OH(calc) 2.00 1.87 1.80 '

M 2.88 2.83 2.85 2.86
A 0.92 0.97 0.99 1.01
Fe/Fe+Mg 0.48 0.48 0.58 0.66

#points 3 17 8 16

— L NW O N WOTO
PAPLONWORWOW
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Table X continued.

Map Unit Tpg . Tpg Tda
Sample M32-1 M1162-1 M315-1
Si0, 36.30 0.95 34.65 0.65 35.67
Al1,03 16.61 0.27 15.15 0.22 16.44
FeO 18.54 0.89 22.48 0.45 21.61
Mg0 10.41 0.62 8.75 0.44 8.49
Ca0 0.06 0.03 0.15 0.12 0.04
Nao0 0.20 0.07 ND 0.07
KZS 9.67 0.49 9.97 0.24 10.1
Ti0, 3.68 0.45 4,04 0.46 2.72
MnO 0.82 0.13 0.48 0.09 0.50
F 0.51 0.07 0.56
C1

Sum 96.29 96.07 95.97
Fe0

Fes04

Ho0(calc) 3.97 3.60 3.61
Sum 100.26 99.67 99,58
Cations on a basis of 11 Oxygens

Si, 2.74 2.70 2.76
A1V 1.26 1.30 1.24
AVv1 0.22 1.47 0.26
Fet2 1.17 1.10 1.40
Mg 0.21 1.47 0.98
Ti 0.05 0.02 0.16
Mn 0 0.04 0.03
Ca 0 0.01 0

Na 0.03 0.01
K 0.93 0.99 1.00
F 0.14
Cl

OH(calc) 2.00 2.00 1.86
M 2.82 2.86 2.83
A 0.96 1.00 1.01
Fe/Fe+Mg 0.50 0.59 0.59

#points 9 6 6

QOO OOOOOOO
= N O O W W N W
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Muscovite

A limited number of muscovite analyses were obtained from repre-
sentative samples of three Tertiary muscovite granite plutons (Tpg) as
well as from a muscovite-bearing dike (Tda) and from Cretaceous granite
(Kpg). While all of the muscovite in Kpg is interpreted as alteration
mica on the basis of téxture, muscovites in the other rocks appear
both "primary" and "secondary" in origin, in the sense used by Miller
and others (1980). They studied compositions of plutonic muscovites
from 16 plutons and found that plutonic muscovites deviate from "ideal"
muscovite, KA1oA1Si3010(0H)2, by substitutions of Na for K; Fe, Mg and
Ti for octahedral Al; and presence of excess Si and deficient Al compared
to stoichiometric muscovite. Although both textural varieties were
found to be similar in the way they deviate from ideal compositions,
primary muscovites were generally more Ti,Na and Al-rich than secondary
muscovites, which were richer in Mg and Si.

A1l Pioneer muscovites deviate from ideal muscovite in a manner
similar to the plutonic muscovites described by Miller et al. Repre-
sentative analyses are cited in Table XI. Compositions are plotted in
terms of Si, ) octahedral Fet2 4+ Mg + Ti + Mn and Al in Fig. 24, and
in terms of the major octahedral substituents, Ti, Mg and Na in Fig.
25. Iron is shown as Fe0 and treated as tne Fe*2 cation due to lack
of data on ferrous/ferric ratios. Miller's study included Mossbauer
work on 9 muscovites which yielded high Fe*3/Fe ratios (most were over
70%, but ranged from 27-89%). Octahedral cation sums for Pioneer musco-
vites calculated on the basic of 11 oxygens with all iron in the ferrous

state are always in excess of the sum of 2.00 cations, generally by
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Table XI. Muscovite compositions.

Map Unit Kpg Tpg T?da

Sample BHS BLM 9gnn! M32-1 NS00 M315.-1

Si0 45,84 45,76 46.11 47.80 45,42 46.6R 46,71 47.30 46.53
A1253 28.69 32.88 32.79 30.66 33.84 32.99 31.37 30.33 32.56
Fel 4.92 4.03 4.03 4.66 3.61 3.25 4.03 4.74 3.84
MgO 1.85 0.84 0.78 1.63 .99 1.59 0.84 1.23 0.58
Ca0 0.02 0.10 0.05 0.0 .20 0.33 0.03 0 0.01
Na,0 0.15 0.49 0.36 0.36 0.51 0.43 0.30 0.16 0.22
ng 9.99 9.93 10,40 10.58 9,78 9.68 10.41 10.63 10.69
T10p 0.26 .87 0.36 0.70 0,62 0.22 1.00 0.91 0.59
MnO 0.08 013 - n 0.12 0 0.06 0.04 0.07 0.04
F 0.18 0.25 n.36 n.d.* n.23 0.40 0.29 0.30 0.09
Sum 91.98 95,28 95.24 96.56 95.20 95.61 95.02 95.67 95.15
F=0 0.08 0.11 0.15 - 0.10 0.17 n.12 0.12 n.04
Sum 91.90 95,17 95.09 96.56 95.10 95,44 94.90 95,54 95.11
Hy0 (calc) 4.17 4.31 4.25 4.48 4.34 4.29 4,28 4.28 4.39
Sum 96.07 99.48 99.34 101.04 99.44 99,73 99.18 99.82 99.50

Cations on the basis of 11 oxygens

Si 3.23 3.10 3.13 3.20 3.06 3.13 3.17 3.20 3.15
A1iv 0.77 0.90 0.87 0.80 0.94 0.87 n.83 0.80 n.8%
T 4.00 4.00 4.00 4.00 4,00 4.00 4,00 4.00 4.00
Alvi 1.61° 1.72 1.75 1.62 1.76 1.73 1.68 1.63 1.74
Fe*2 0.29 0.23 0,23 n.26 0,20 n.18 0.23 0.27 0.22
Mg 0.19 0.08 0.08 0.16 0.10 n.16 0.09 0.12 0.06
Ti 0.01 0.04 0.02 0.04 0.03 0.m 0.05 0.05 0.03
Mn n n.Mm n 0.Mm n 0 n n 0
M 2.1n 2.08 2.08 2.09 2.09 2.08 2.05 2.07 2.05
Ca n o.M 0 0 0.01 0.02 n n 0
Na 0.02 0.06 0.04 0.05 0.07 0.06 0.04 0.02 n.03
K 0.9n 0.86 0.90 0.30 0.84 0.83 0.90 0.92 0.92
A 0.92 0.93 0,94 n.95 0.93 0.91 n.94 0.94 n.95
F 0.04 0.05 n.08 - 0.05 n.08 n.06 0.06 0.02
OH (calc) 1.96 1.95 1.92 2. 1.95 1.92 1.94 1.94 1.98
Na/K 0.02 0.07 n.n4 0.06 n.n8 0.07 0.08 0.02 n.03
#points 2 2 2 2 3 4 5 2 3
Texture secondary primary secondary primary primary secondary primary secondary secondary
. with in in rim an in

chlorite plagioclase plagioclase opaque plagioclase
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+0.05. Assumption of ferric iron reduces the octahedral sum to a value
closer to the ideal 2.00. expected for octahedral occupancy involving
trivalent cations.

Ti ranges from <0.01 to 0.06 cations per 11 oxygens. Miller and
others (1980) proposed the following 2 substitution mechanisms for Ti
in octahedral sites:

1) Mg¥l + Ti = 2a1Vi 2) Tivie a1iv = apvi 4 siiv

Na/K ratios for Pioneer muscovites are variable (0.02-0.09).
Thompson (1974) demonstrated that Na increases in metamorphic muscovites
from low to moderate grade and then decreases at near magmatic tempera-
tures. Although the spread in Na/K for "primary" muscovites spans the
observed range, "secondary" muscovite compositions are confined to lower
Na/K values (<0.05) (Fig. 26). Bradfish (1979) carefully documented
muscovite compositions as a function of texture for the Tea Cup Gran-
odiorite in Arizona. Bradfish found all compositions to be phengitic
and concluded that all muscovites were subsolidus in origin. When plot-
ted in terms of Na/K and Ti, Bradfish's data are similar to the data
for Pioneer muscovites; i.e., his textures that we would classify as
"primary" (discrete flakes and muscovite intergrown with biotite) have
higher Ti contents than textures such as muscovite rimming magnetite,
in feldspars and filling fractures and veins. As in the Pioneers, the
Tea Cup muscovites are variable in Na/K, but lowest Na/K ratios are
observed for "secondary"-type textures.

These compositional trends do not imply a rigorous chemical basis
for distinguishing primary versus secondary muscovite, but indicate
the presence of two compositional populations of muscovite in the same

rock.
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Differences may reflect a) magmatic versus subsolidus origin or
b) subsolidus origin involving different mineral reactions and/or
conditions during formation.

Fluorine contents are generally low.



Fe+ Mg:Ti+Mn
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Si

O Ploneer muscovites

O celadonite

O phengite

%% muacovite

Figure 24,

Pioneer muscovite compositions in terms of Si, octahedral
FetZ + Mg + Ti + Mn and total Al.

Al
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v BHS
OMB00,M32-1

o' BLMas8o0"
CM3186~1

:Na

Figure 25. Ternary plot (Ti, Mg, Na) of cations substituting for
octahedral Al and for K in Pioneer muscovites.
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PIONEER MUSCOVITES

BLM S6203’
x BHS A M32
_ + M3185 o MSee
B e o B A e s m e .
]
a.1 -
2.t —
e. =
- . .
9. + . a . a =
*s + + & + + .
A oo oo . a- .
2. A x [= J’ a —
+ =] a ,A .
x X+ A ;
2. .
x 4
5 » a4 ]
a. : i1+ al —— 1 L 1 n
9.80 2.82 9.94 2.96 2.08 8.19
Na/K
Figure 26. Ti vs. Na/K for Pioneer muscovites. "Secondary" textures

are restricted to relatively low Ti and Na/X compositions.
"Primary" muscovites are variable in terms of Na/K, but
are generally restricted to >0.03 Ti per formula unit.

.12
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Feldspars

Feldspar compositions were determined by microprobe analyses of
points in thin sections for the following elements: Si,Al,Ca,Na,K,
Ba, £ Fe, £ Mg.Cations were calculated on the basis of 8 oxygens.
Zoning patterns were established by traversing across individual crystals
for a given element in small steps (5-25 microns). Quality of analyses
was maintained by accepting only those points which met thelfollowing
criteria: 1) sum of all oxides = 98-102%, 2) Si + Al = 4.00 ¢ 0.02,
3) Ca+Na+K+Ba+Fe+ Mg=1.0020.04 and 4) Al-z (cations
other than Si, Al x charge) = 0.0 * 0.07 (Zen, 1981).

Plagioclase

Plagioclase crystallized early in all the rocks of the batholith.
Textural variants include 1) large zoned and twinned phenocrysts which
often occur in synneusis relations 2) large crystals with prominent
oval, mottled cores separated from rims by a band of sericitic alteration
-3) small inclusions in biotite and 4) crystals of varying size and
degree of resorption in potassium feldspar megacrysts.

Representative analyses are shown in Table XII and the range of
compositions for the entire batholith is shown on a plot of An-Ab-Or
in Fig 27.

Quartz diorite (sample 313) hosts the most calcic plagioclase (An
79) and exhibits the largest range in composition within individual
grains (An 25 -79). Fig. 28 illustrates the range of compositions
within each rockand from rock to rock. The most calcic plagioclase
for a rock containing potassium feldspar is An 64 (Kpt sample M547-1).

Zoning patterns, such as the one illustrated in Fig. 29, are

- ——
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Table XI1. Representative feldspar compositons.
(P = plagioclase, K = potassium feldspar)

Kpd Kpt Kpgr
M313-1 M547 FG
P P P P P P p P

49.93 SB.68 56.07 53.96 53.24 58.19  66.07 55.67
31,17 26.46 27.57  29.A7 29.58 25.00  1A.38  27.8%
13.00 7,52  R.96 11,35 10.49  A.78 n 9.65
4.09 7.5 6.47 547 5.91 7.50 0,82 5.84
0.0 0.13 023 0.4 0.08 0,20 14.81  0.23
0 n a0 005 006 N 0,58 0
0,17 0.5 " 0.28 0.26 0,25 0.27 nd. n.d.
0,09  0.07 0,05 003 0,02 005 ad. n.d

98.46 100.05 99.72 101.12 99.54 97.98 100.62 99.24

2.31 2.52 2.53 2.42 2.42 2.65 3.02 2.52
1.70 1.39 1.47 1.58 1.58 1.38 0.99 1.48

0.64 n.36 n.a3 0.54 0.51 n.33 0 0.47
0.37 0.81 0.56 n.a7 n.52 0.66 .07 n.51
0 0.01 0.0l 0.01 n 0.m 0.84 n.01
0 0 0 0 0 0 0.01 0
0.01 0.01 0.01 o.n n.01 0,01 - -
0.01 0 0 0 0 0 - -
5.n4 5.00 S.01 5.03 5.04 5.00 4,95 4,99
1.02 0.99 1.01 1.03 1.04 1.00 0.92 0.99
0.03 0.03 0.02 0 0.03 o.M 0.04 0.03
4.01 4.01 4,00 4.00 4,00 3.99 4.0l 4,00
core rim core outer inner oguter core
rim rim rim
Xpg Tpg
Kpar BHS M32-1
P P p P K P ] K

57.94 64.49 57.55 61.95 64.76 59,02 A3.08 65.19
26.49 18,30  27.40 24,68 18.64 24,30 21.36 18,19
8.28 0.07 8.45 5.48 n.03 6.43 4,09 0
6.64 1.62 6.76 8.18 1.38 7.87 8.80 0.47
0.19 13,97 017 0,22 18,19 n.32 0,65 15.24

0

0 n.n2 0 0.77 n.08 n.1s5 n.02
n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

99.54 98,46 100.34 100,78 99.76 98.29 98.09 99.1

2.60 3.on 2.57 2.73 2.99 2.58 2.25 3.m2
1.40 1.00 1.4 1.28 1.0 1.32 i.14 n.99
0.40 n 0.40 0.26 it} 0.31 9.20 0
0.58 n.15 0.58 0.72 n.12 n.67 077 0.04
0.10 0.83 n.10 o.M 0n.84 0.02 0.ne 0.90
Y] 0 0 0 n.m 0 9 )

4.99 4,98 4.99 5.00 2,97 5.00 s.mM0 a,9%5
0.98 n,sg 1.00 0.99 0.97 1.00 1.m n.oa
.02 n.n2 a.nN4 n.0n3 n.03 n.Mm nny n.n5
4.00 4.00 2.0 .0 4.00 4.00 3.99 4.M
rim tore rim core mid
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typical. The core of the grain is An-rich realtive to the rim, but
the maximum An content is found in the outer core area, which may or
may not be separated from the more sodic rim by a band of sericitic
alteration. Plagioclases enclosed within potassium feldspars exhibit
similar zoning patterns (Fig.30), and often have a very thin albite
rim developed at the plagioclase-potassium feldspar contact. A limited
number of analyses of blagioc]ases in biotites reflect the same range
of compbsitions as other plagioclases in the same rock.

Reverse zoning (An increasing outward relative to Ab) in cores
followed by normal zoning in rims may be interpreted in terms of changing
water pressure in the magma. The effect of an increase in water pressure
on the plagioclase liquidus is (at constant temperature) to depress
the liquidus and could permit crystallization of a more calcic plagio-
clase. When the increase in Pypp ceases (saturation), crystallization
of increasingly more sodic compositions could continue resulting in a
normally zoned rim. Thus, plagioclase cores may have crystallized at
depth during a period of conditions of water pressure build-up and
rims may represent "normal" zoning with decreasing temperature after
the magma was emplaced at higher levels in the crust.

Alternatively, plagioclase cores could represent relict phases in-
herited from a parent rock or the increase in An from core outwards
could represent conditions of superheating at relatively constant
pressure.

Microprobe traverses on Pioneer plagioclase show fine-scale oscillatory
zoning for Ca and Na with the more dramatic reversely zoned core - normally
zoned rim pattern superimposed. This could result from local pressure or '

diffusion gradients or convection in the magma.
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Figure 27. Range of feldspar composition for Picaeer plutonic rocks
in terms of albite (Ab), anorthite (An), and orthoclase
(Or). Celsian component is included with Or.
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Figure 28. Plagioclase compositions in terms of % An for
representative samples of Pioneer rocks. Each line
represents a single analysis. Dashed lines refer to
exsolved phases in perthitic potassium feldspars,
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Figure 29. Results of microprobe traverse across a plagioclase crystal
in Kpgr sample FG. Ca and Na were counted for 1 second at

5 micron intervals across a crystal from rim through core
to opposite rim.
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Potassium feldspar
Potassium feldspar occurs as large white phenocrysts in muscovite

granite, as pink megacrysts in Cretaceous granite, as large anhedral

- _
-crystals enclosing all other minerals and filling interstices between

grains in granodiorite, and as phenocrysts and small, rounded groundmass
constituents in porphyritic granodiorite.

The range of potassium feldspar composition within a given rock and
throughout the various plutons of the batholith is illustrated by Fig.
30. Point analyses by microprobe reveal a composition range of 0r79 to
0r97. Ba0 varies from 0 to 1.5 weight %, and is generally concentrated
in cores. Barium zoning is shown in Fig. 31 for a large anhedral
grain in granodiorite near the granite contact. Perthite is not exten-
sively developed in the batholith; coarsest perthites are from the
muscovite granites. Petrographic observation of the lack of well-devel-
oped perthite is supported by microprobe analyses. Both normal beam
(beam diameter approximately 5 microns) and expanded beam (beam diameter
25-30 microns) analyses give comparable results. Tféverées across
crystals at closely spaced intervals for K,Ba and Na (* Ca) reveal 1)

extent of perthite development and 2) zoning patterns. Count rates

were compared with count rates obtained for the K standard, Benson

orthoclase (Stewart and Wright, 1974) and the Na standard, Tiburon
albite (Crawford, 1966) during the same session.

Variations in degree of perthite development in threeAplutons are
illustrated by Fig. 32. K and Na were counted for 1 second at 5-micron
step intervals across potassium feldspar grains for a distance of 500

microns. In the sample from the tonalite (Kpty), decreases in counts
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Figure 31. Zoning in potassium feldspar megacryst in granodiorite
sample M121-1. Most points were analysed with an
expanded beam (about 25-30 microns in diameter). Four
points were analysed with a normal beam (5-10 microns
in diameter).



counts per second

ecc ,
B . L ) e
R . e o et ) EK
. R . . .. l
400 . !
. l
!
Kpt M547-1 I
200" !
R - - - TR !iNa
c—. ] T 1 1 1
€00
I. -
' 0". .. '.. ‘...." ..’- . -'...... .-...... .0“' K
scgd 4T et T
.4
o 4
) i Xpgr M1119~-1
200- |
I
1
U oty B . T
O <Smiaiki T T T T T
‘oa - . -
.« o T oL K
. .-c - ,.._.. . .". ...'.’. .‘. . on‘ . - -
. TR C T . B12.74% K (orthoclase)
400 . )
2004 .. -
‘ Tog M500
]
B 8.77% Na (aildita)
200
L Na
oLz - L !
100 200 360 400 500
distance into crystal (microns)
Figure 32. Microprobe traverses across patassium feldspar grains.

K and Na were counted for 1 second in 100 S-micron steps

across each crystal.

for standard albite and orthoclase.

i — e

Reference count rates are given

o T —————- =

S



104

for K correspond to increases in Na counts. Exsolved lamellae are narrow
(<20 microns across) and are considerably less sodic than pure albite.
No evidence of two discrete phases is obvious in the traverse from
Cretaceous granite. The muscovite granite traverse shows patches of

as wide as 40 microns of distinctly albitic compositions.

For two perpendicular 500-micron long traverses across a perthitic
potassium feldspar in sample M500-1 (muscovite granite), distinctly
potassic (>0r 50) compositions were observed for 82 and 63% of the
spots analysed.

Determination of bulk composition of perthitic potassium feldspar
is a problem. Various techniques are cited in the literature, such as
atomic absorption analysis of single crystals for Na, Ca and K , x-~ray
fluorescence analysis of powders, sanidinization, and expanded beam
microprobe analysis.

Spectrophotometric techniques were deemed unsuitable for analysis
of bulk potassium feldspar compositions in Pioneer rocks because the
potassium feldspars contain inclusions of other minerals, notably
plagioclase, which would be included in the analysis. Ca-rich areas
can be avoided in microprobe analysis by observing analysed areas
optically and by monitoring Ca count rates. Whitney and Stormer (1976)
successfully used a defocused electron beam (diameter ~ 30 microns) to
obtain bulk compositions of microperthite. Wones (1980) described a
technique for homogenizing perthites from the Lucerne pluton by heating
samples which had been crushed and pelletized at 950°C for several
days. X-ray diffraction techniques described by Wright and Stewart

(1968) were then used to obtain composition of the sanidinized material.
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Wones pointed out that plagioclase was not homogenized into the alkali
feldspar at 950°C.

Alkali feldspar separates were obtained for two of the most
perthitic rocks, typical muscovite granite and typical Cretaceous
granite. The feldspar was lightly ground, placed in silver-palladium
foil envelopes, and heated in air at 930°C for 114 hours. X-ray patterns
were taken before and immediately_after heating. For both samples, the
22° peak disappeared and the 28° peak diminished greatly as a result
of heating. This suggests that these peaks represent an albite phase
homogepized into the potassium-rich feldspar as a result of heating; a
calcic feldspar would not be expected to homogenize at such a low
temperature.

Wright and Stewart (1968) defined "anomalous" feldspars and Stewart
and Wright (1974) elabarated on the concept and establised criteria for
identifying anomalous feldspars on the basis of x-ray data. The'féfm
*anomalous" refers to cell dimensions. Anomalous feldspars are common
in nature and indicate strain associated with incipient exsolution in
perthites. The 201 peak, which is roughly linearly proportional to thé
a cell dimension cannot be used to estimate composition for anomalous
feldspars because it is largely a fﬁnction of the Na content of the
feldspar, and for strained feldspars gives impossible compositions. An
indication of the degree to which a given feldspar is strained can be
ascertained by comparing the 201 peak position read off a plot of 060
and 204 (Wright, 1968) with the actual measured value of 201. If the
-difference between the measured and observed value exceeds 0.12 °2 o the

feldspar is termed "anomalous".
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The feldspar from the Cretaceous granite appeared anomalous both
before and after heating. The feldspar from the muscovite granite was
slightly anomalous, but within the 1imit of +0.12°20. Fig. 33 shows
the effects of heating. Peak shifts on heating indicate that the compon-
sition changed from 0r87 to 0r82. The feldspar also moved towards a
more disordered structural state. Agreement between the potassium
feldspar composition determined by x-ray before heating (Or 87) and
the composition determined by microprobe on a thin section of the same
rock (Or 86-92) is good. The change of only 5% Or produced by heating
may reflect 1) the reequilibrated composition of the feldspar or 2)
lack of homogenization on heating. It was concluded that microprobe
data provides an estimate of the bulk composition of the alkali feldspars.

X-ray diffraction patterns were obtained for Pioneer feldspars
following the procedures outlined by Wright and Stewart (1968) to a)
check structural state and b) compare compositions obtained by x-ray
data against microprobe data.

Wright (1968) showed that the 201, 060 and 204 peaks for natural
and synthetic alkali feldspars can by linearly related to the a, b and
¢ cell parameters. Peaks were indexed according to tables found in
Wright and Stewart (1968) and checked for the following points:

1) presence of 201 for an albite phase

2) shape and peak position of 201 for a potassic phase

3) splitting of 131 indicative of a triclinic versus a monoclinc

phase

4) peak positions of 201, 060 and 204 for a potassic phase

Data for Pioneer feldspars are summarized in Fig. 34, which is a
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plot of 060 versus 204 peak positions in terms of 2 © Cu K « after
Wright (1968, p.92). Comparison with Or-rich feldspars of known struc-
tural state indicates that Pioneer feldspars fall between the orthoclase
and maximum microcline series. Although the 201 and 060 are generally
sharp, indexing of thg 204 peak is often ambiguous due to the presence
-of more than one peak (often 2 or 3) in the range 2 o =50.6 to 50.9°

2- © . MWright stated that ambiguous 204 reflections are commonly ob-
served for orthoclases with anomalous cell dimensions (see below) and
presented a plot of two other peaks, 113 and 002, which can be used as
afds in determining which of several peaks is actually 204. In some
cases, the 113 region showed multiple peaks and the 204 could not be
identified with any certainty. No cell refinements were obtained to
resolve this problem.

In all but one case the 131 reflection occurs as a single, usually
sharp peak indicating the presence of a monoclinic feldspar. One sample,
a megacryst plucked from a sample of muscovite granite showed the 131-
131 split characteristic of a triclinic feldspar and on the 060-204
plot, this feldspar falls quite close to the maximum microcline series.

In most patterns, weak peaks were observed at about 22° and 28°
2 0, suggesting the presence of either exsolved albite or plagioclase
impurity in the sample.

Tilling (1968) was able to map areas of the Rader Creek pluton on
the basis of variations in the structural state of alkali feldspar.
Parsons and Boyd (1971) investigated the distribution of microcline
and orthoclase in a variety of intrusive sequences and found that the
frequency of occurrence of microcline increases relative to orthoclase

as fractional crystallization proceeds in many cases. They proposed
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that features present at the time of crystallization dictate the

course of ordering in alkali feldspar with cooling and can affect the
metastable preservation of the orthoclase at low temperatures. Water
and peralkalinity, both of which concentrate with increasing degree of
fractional crystallization, were cited as factors which tend to promote
transition to microcl%ne, whereas peraluminous composition was cited

as a factor which can inhibit the orthoclase-microcline transition.

The peraluminous nature of the Cretaceous and Tertiary granites in the
Pioneer rocks may be a contributing factor in the persistence of the

orthoclase structural state,
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Sphene

Euhedral r%omw-s, smz11 ,raaalir anhedra of sphene in mafic sili-
cates, and narrow rims of sphene between biotite and magnetite are
ubiquitous in the Cretaceous plutons, rare in Paleocene rocks. Sphenes
in seven rocks were analysed to ascertain range of composition and
to look for compositiéna] differences between the different textural
varieties of sphene. Representative sphene analyses are cited in Table
XIII.

Most sphenes are uniform in composition with Fe anﬂ_A}'substituting
for about 10% of the Ti. Ribbe (1980) stated that the most common
coupled substitution observed for natural sphenes involves Al or
Fe*3 > Ti and OH or F for 0]2', where 0; refers to the underbonded
apical oxygen atom in the sphene structure; the substituents Al + Fet3
may account for as much as 30% of the octahedral site. Fluorine is low
(0.6 wt% maximum)., Oxide sums are generally low, probably resulting
from the presence of Hp0, REE. Iron was treated as Fey03, based on the
findings of Higgins and Ribbe (1976), who presented chemical data on
a variety of natural sphenes. They found low sums (by microprobe) in
some cases and found that by annealing partly metamict sphenes weight
per cents for all elements analysed by microprobe increased to give
improved sums (95 before heating, closer to 100% éfter heating). This
experiment was not attempted on the Pioneer sphenes, but might improve
the Tow sums although x-ray patterns indicate sharp peaks rather than
~ broadened peaks which would be expected if sphene was metamict.

In the Willow Creek granodiorite sample, a sphene in chlorite had

higher Al, Ca, Si and lower Ti than euhedral sphene. Similarly, sphene
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in epidote in M1119-1 (Cretaceous granite) showed the same enrichment

in Al and Si relative to other sphenes in the rock. Thesg high Al-sphenes
are similar to other sphenes in the rock, although Fe+3/Fé+2 ratios

may be different.

Qualitative observation of sphene spectra by energy dispersive (EDS)
analysis suggests that Ce and REE may be significant in euhedral sphenes.
Anhedral sphenes in mafic silicates have higher éxide sums, higher Ca
contents than euhedral sphenes and EDS spectra do now show peaks in the
REE region; REE substitution for Ca in magmatic sphene may prove a

useful discriminant, on further, quantitative study.



Table XIII.

Map Unit
Sample

$i0y
Als03
*Feq03
Mgo
Ca0
Na»0
K20
TiOp
MnO
F

T
O=F

z
Si
Al
Fet3
Ty
Ca
Mg
Na
K
Mn
F

fipts

Map Unit
Sample

$i0p
Al204
*Feq03
Mgo
Ca0
Nas0
K0
Ti0p
MnO
F

I
O=F

I
Si
gt
Ti
Ca
Mg
Na
K
Mn
F

#pts

Sphene analvses

Kpt
M547-1

30.67
1.48
1.78

0

27.54
0.03

34,94
0.13
0.20

96.77
0.08

96.69
414
0.24
0.18
3.55
3.98

0
0.01
0

Kpgr
M881-~1

30.60
1.50
1.10

0

27.51

35.37
0.11
0.13

96.32
0.05

96.27
bolb
0.24
0.11
3.60
3.99

0

Q

0
0.01
0.06

3

30.63
1.30
1.94
0.04

28.80

36.33
0.17
0.62

99.83
0.26

99.57
4,04
0.20
0.19
3.61
4,08
0.01

0

0
0.02
0.26

3

30.60
1.69
1.81

27.43
0.01

34,41
0.12
.25
96.32
0.11
96.21
4.15
0.27
0.18
3.51
3.99

0.01
0.11

30.97
1.46
2.59

28.91

35.59
0.14
0.45

100.11
0.19

99.92
4.07
0.23
0.26
3.52
4.07

0.02
0.19

3

Kpgr
FG

30.78
1.11
1.53

26.92
0.03

35,69
0.10
0.32

96.48
0.13

96.35
4,16
0.18
0.16
3.63
3.90

0.01

0.01
0.14

we

31.22
4,23
2.08
0.06

30.88

0
0.03

31.74

0.07

100.31

100.31
4,07
0.65
0.20
3.11
4.32
0.01

0

0
0.01

0

*Fe0 measured by microprobe x 1l.111 = Fey03
a = rim at biotite—magnetite contact; b = in biotite; ¢ = in epidote

113

29,93
1.66
1.83

26.31
0.03

34,06
0.10
0.20

94,12
0.08

94,04
4,15
0.27
0.19
3.55
3.90

0.01

0.01
0.09

29.78
1.34
1.64
0.02

29.28

0.08
34.87

97.01

97.01
4.03
0.21
0.17
3.55
4.25

0.01
0

30.48
1.53
1.75

26443

33.54
0.05
0.20

94.00
0.08

93.92
4.22
0.25
0.18
3.49
3.92

0.01
0.09

Kpg
M1293-1

31.82
1.57
1.24
0.04

26.85
0.05
0.20

34,51

0
0.33

96.61
0.14

96.47
4.28
0.25
0.13
3.49
3.87
0.01
0.01
0.03

0
0.14

2

29.31
1.37
1.64
0.14

26465
0.03
0.03

35.22
0.22

94.61

94.61
4.05
0.22
.17
3.66
3.9
0.03
0.01
0.01
0.03

a

31.05
1.23
1.90

0

28,25

35.95

0.19
0

98,57

98.57
4,11
0.19
0.19

*3.58
4,01

31.79
2.76
1.11
0.16

27.43
0.01
0.11

33.48

0.35
97.40
0,23
97.17
4o24
0.43
0.11
3.36
3.92
0.03

0.02

0.23
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Iron oxide and iron titanium oxide minerals

Magnetite occurs in all of the rocks of the batholith. Cretaceous
rocks are characterized by magnetite and sphene, with ilmenite absent.
The magnetite is close to end-member magnetite in composition, with <
0.5 wt% Mn0, Ti0 and Mg0 (Table XIV). Highly reflective bright white
lamella were observed.in some magnetite grains in granodiorite. This
phase appears to be hematite and microprobe analyses indicate about 3%
less FeQ (total iron as Fe0), as compared to host magnetite. Occasion-
ally, tiny grains of pyrite are observed with magnetite.

Paleocene muscovite granites host a more complex oxide mineral as-
semblage. Within and adjacent to muscovite-biotite clusters, two
phases are observed. One phase is a titanohematite (13-17% TiOp, ~ 2%
Mn0); the other is an extremely Mn-rich ilmenite. Intergrowths of
these two phases were not observed in thin section, but were seen in
polished mounts of heavy mineral separates from the same rock. Low
sums in microprobe of these phases may result from determination of
jron as Fe0 and/or presence of elements not analyzed, such as Zn or
Nb. Recalculation of all iron as Fe,03 yields reasonable iron sums
for these phases, suggesting that observed composition reflects an
oxidized assemblage. In microprobe analysis on polished thin section,
only apparently single phase grains were detected. However, analysis
on a few grains obtained by heavy mineral separation (which showed
exsolution textures) revealed the presence of both phases in a sinj\e
grain. Pure magnetite similar to magnetite in the Cretaceous rocks

occurs as larger blocky grains not associated with muscovite.
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Table XIV. Iron oxide and iron titanium oxide mineral compositions.
M = magnetite, H = hematite, I = ilmenite

Map Unit : Kpgr Kpgr
Sample M313-1 M708-1 MC FG

M M M M H
Si0 n.d. 0.17 0.18 n.d. n.d.
Al 283 0.09 0.23 0.38 0.1 0.37
Fe0 91.97 92.58 91.88 91.70 89.67
Mg0 0 0.01 0.01 0 - 0.02
Ca0 0.08 0 0.02 0.16 0.17
Ti0, 0 0.06 0.12 0.10 0.20
Mn0 0.14 0.48 0.06 0.11 0.10
Cry03 0.07 0 0.12 0 0
Sum 92.36 93.53 92.18 90.52
Fe0 30.35 30.55 30.32 29.99
Fes03 68.40 68.85 68.3 68.20 99.53
Sum 99.13 100.35 99.54 98.94 100.39
Map Unit Kpg Tpg
Sample M744-2 MI119-1 M500

M M 1(?) H M
S102 n.d. n.d. n.d. n.d. n.d.
Al1504 0.12 0.17 0.03 0.06  0.40
Fe 90.89 90.78 39.71 76.49 90.28
Mg0 0 0.13 0 0.04 0
Ca0 0.08 0 0 0 0.14
Ti0s 0 0 43.34 13.10 0.07
MnO 0.51 0.13 11.68 1.50 0.51
Cry03 0 0.17 0.01 0.0 0.03
Sum 91.61 91.29 94.77 91.20 91.44
Fe0 29.99 27.23 29.79
Fe,03 67.59  70.60 44,08 84.98  67.14

Sum 98.29 98.34 99.14  99.69 98.08
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Preferential concentration of Mn in the ilmenite phase is consistent
with the findings of Czamanske and Mihalik (1972) in their study of
the opaque oxides at Finnmarka (1972), where up to 30 wt% MnO in ilmenite

was reported.
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Estimation of intensive parameters during crystallization
Field evidence

Zen and others (1980) cited three lines of evidence which suggest
that Pioneer plutons were emplaced at shallow levels in the upper
crust (P<1 kbar). First, miarolitic cavities and pegmatites are asso-
ciated with Cretaceous granodiorite. Second, stratigraphic reconstruc-
tion by Zen suggests 3 km of overburden around the time of emplacement.
Third, a narrow cordierite-andalusite (i.e., low pressure, high temper-
ature) contact assemblage occurs. All of these features plus the dis-
cordant nature of contacts, absence of regional metamorphism and absence
of pervasive lineations (Snee, 1978) are in accord with Buddington's
(1959) criteria for epizonal (<6 km) emplacement.

Chemical evidence

Comparison of normative whole rock geochemical trends with experi-
mental work in granite systems to estimate pressure is a common practice
in the petrologic litérature. As Barker and others (1975) demonstrated,
comparison “of a residual melt in equilibrium with an igneous gas
phase, quartz and alkali feldspar can be used to estimate pressure and
temperature using the data of Tuttle and Bowen(1958)". Tuttle and
Bowen investigated the system Si0p-NaAl1Si30g-KA1Si30g at 0.5 to 5 kbar
for the case where Py20=Ptotal; Luth (1969) studied the system under
anhydrous conditions; James and Hamilton (1969) examined the effect of
adding an anorthite component on the minimum in the system. Normative
Q-Ab-Or contents for Pioneer rocks are plotted together with the ternary
minima determined experimentally in Fig. 35. In order to compare the

normative geochemical data with the experimental data, one must establish



118

that the rock composition in fact represents a residual melt and was
saturated with a gas phase (for Pypg=Ptota]). The presence of two
magmas indicated by the initial strontium data complicates the inter-
pretation of any rock as a representative residual melt. Aplites or
late quartz porphyries neither of which were analysed in this study
are likely candidates. The pink hematite coloring potassium feldspar
in Cretaceous granites, incipient alteration of ferromagnesian minerals
to chlorite, and sericitization of feldspars as well as the presence
of miarolites (implying a probably maximum Pysq <3 kbar) in Cretaceous
rocks and pegmatites suggest that a water-rich phase existed at some
stage in the history of the more siliceous rocks. Fluid inclusions
in plutonic rocks are too small and limited in occurrence to reveal
any information on magmatic fluids; quartz in pegmatites may prove more
useful.

Py2o and Ptota) are distinct variables; the presence of a
hydrous mineral in a rock implies only that H,0 was a magma component,
but the magma need not have been H)0 saturated for hydrous minerals to
crystallize. The disposition of points for Pioneer rocks on the Q-Ab-Or
plot is not readily interpreted in light of experimental data aue to 1)
paucity of analysed samples, 2) high normative anorthite component, and
3) spread of points within a given map unit.

On Fig. 35, Pioneer rocks with >80% normative Q+Ab+0r are shown
as solid circles, those with <80% Q+Ab+0Or are shown as open circles.
The Pioneer rocks display no clustering by map unit. Both Cretaceous
and Paleocene granites plot near the 0.5-1.0 kbar water-saturated

minima. Considering only the 4 points representing muscovite-bearing
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granites, the two quartz-poor points are from the dated (Paleocene)
plutons; the other two Tpg points represent 2 samples from another, as
yet undated pluton. The undated pluton carries muscovite, Sbt.it is
not as likely a candidate for "primary" muscovite on texturalAgrounds
as some of the muscovite in the dated plutons.

Quartz is observéd within potassium feldspar in the two Kpg rocks
which fall within the 80% field, near or slightly above the 500 bar
PH20=PT contour. The effect of an An component was shown to move the
minima towards the Q-Or join (James and Hamilton); none of the Pioneer
rocks plot near the appropriate (in terms of An content) experimentally
derived 1 kbar minimum.

Czamanske and others (1981) found a similar situation for rocks in
a Cretaceous-Paleocene Batholith in southwestern Japan and ;uggested
that combined effects of increasing Pyota) which shifts to minima away
from quartz (Luth, 1969) increasing Pyyqg which moves the minima toward
Ab (Luth and others, f964) and increasing An content which moves the
minima away from Ab (James and Hamilton, 1969) obscure relations in the

vicinity of the minima at low pressures.
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Figure 35.

Normative quartz (Q)-albite (Ab)-orthoclase (Or) - .
plot for Pioneer rocks and experimentally detar- . -
mined ternary minima in the granite system.
open circles = Pioneer rocks with <80% normative
Q+Ab+0r
closed circles = Pioneer rocks with >80% normative
Q+Ab+0r

triangles = ternary minima for 0.5 to 10 kbar
Pyzo after Tuttle and Bowen, 1958

inverted triangles = projected ternary minima
for Pypp=1kbar for compos-
itions with An3, 5, and 7
after James and Hamilton, 1969

squares = projected ternary minima at 2, 4, and 7
kbar for compositions with Ab/An = 2.9
after Luth and others, 1964
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Mafic silicates as indicators of T and fgp

Variations in amphibole and biotite compositions reflect bulk compo-
sition, mineral assemblage, changes in temperature, pressure, and oxy-
gen fugacity (or other gases) during crystallization and/or subsolidus
reequilibration.

Variation in mafic silicate compositions with bulk composition and
mineral assemblage is demonstrated in Fig. 36, where molecular Fe/Fe+Mg
ratios and weight per cent Si0; from whole rock analyses are plotted
against average cation ratios from microprobe data on minerals. Cor-
relations between rock and mineral compositions are poor, suggesting
that factors other than bulk composition and mineral assemblage control
phase chemistry. As previously discussed, biotite compositions do
reflect mineral assemblage to the extent that the most Al-rich and Fe-
rich biotites occur in the muscovite granites, which have the lowest
bulk rock A1,03 contents of the batholith.

Czamanske, Wones and Eichelberger (1977) and Anderson (1980) stres-
sed the importance of establishing the equilibrium relations between
mineral pairs as a prerequisite to use of mineral chemistry to estimate
intensive parameters during crystallization. Element partitioning
between amphibole and biotite is commonly used as a test for phase
equilibration (for example, see Moxham, 1965; Greenland and others,
1968; Czamanske and others, 1977; Anderson, 1980). Czamanske and others
(1977) proposed that a plot of Fe/, Mj-M; for biotite versus Fe/) My-
M3 for hornblende provides a more appropriate test for equilibration

-between the two minerals than Fe/Mg plots due to crystal-chemical

differences between the two minerals. Hewitt and Wones (1972) explained
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the positive correlation between Fe and AIV1 in biotites in terms
of mica crystal chemistry - Fe substitution for Mg in octahedral sites
compensates for Al substitution for Si in tetrahedral sites to allow a
fit between tetrahedral and octahedal layers. Thus, Fe/Mg is related
to Al substitution. Due to the heterogeneify of Pioneer amphiboles,
the range of compositions for biotites and hornblendes is plotted
(Fig.37) rather than a rock average.

Greenland, Gottfried and Tilling (1968) examined Mn distribution
between coexisting biotites and hornblendes in plutonic rocks and
found that Kd, defined as Mnhoprnblende/MMbiotites varied from 1.0 to
2.2. Average microprobe analyses for Pioneer rocks indicate that K¢
ranges from 1.02 to 2.08. Greenland et al reported a median K4 of
1.45 for the Boulder and Sierra Nevada Batholiths, 1.75 for the Southern
California Batholith and proposed a correlation between Kd and sphene
content of the batholith. Both the Sierra Nevada and Boulder batholiths
characterized by relatively lTow Kq's for Mn are sphene-rich whereas the
Southern California batholith has a higher K4 for Mn and lacks sphene.

Ti generally decreases in both biotite and amphibole as the Pioneer
rocks become increasingly more leucocratic; an exception to this is
the biotite in the quartz diorite which has Ti, Fe/Mg typical of the
nearby granite and probably represents a reequilibrated composition
caused by heating during emplacement of the granite.

Wones and Eugster (1965) studied the stability of biotite and de-
monstrated that the composition of biotite coexisting with potassium
feldspar, magnetite, quartz and magma varies as a function of T, PH,0,

Ptota] and fgo. They proposed that biotite composition provides a
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crude estimate of T and fg, at constant fysg. Data for the Pioneer
biotites where ferrous/ferric ratios were determined are plotted with
the experimentally buffered biotite curves of Wones and Eugster (1965)
in Fig. 38.

Approximate Fe +3 / Fe *2 + Fe*3 ratios for biotites experimentally
buffered on the hematite-magnetite and nickle-bunsenite buffers were
0.25 and 0.10 respectively. Minimum Fe*3/Fe*2+Fe*3 estimates for
Pioneer biotites range from 0.13 to 0.23. Fe/Fe+Mg for the 16 rocks
analysed ranges from 0.41 (southernmost Cretaceous granodiorite sample)
to 0.66 (Tertiary muscovite granite).

Compared to other trends for biotites from intrusive complexes,
the Pioneer most resemble the trends reported for the Sierra Nevada
rocks. A case where biotites from a compositionally zoned granite had
uniform major element compositions (Fe/Fe+Mg = 0.45) apparently result-
ing from late stage equilibration with a constant fp, independent of
temperature was reported by Dodge and Moore (1968) for the Cartridge
Pass pluton in the Sierra Nevada Batholith. Cases where Fe/Fe+Mg
decrease with increasingly fractionated rocks are generally related to
oxidation (Finnmarka complex, Czamanske and Wones, 1973; Ploumanach
complex, Barriere and Cotton, 1979).

Dodge and Ross (1971) compared relative Fe*t3_Fe*2_Mg abundances
in coexisting biotites and hornblendes from a variety of calc-alkalic
plutonic suites to evaluate the role of oxygen fugacity in mafic sili-
cate paragenesis. Such plots, following Wones and Euéster's (1965)
experimental work on biotites, can be useful as an indication of the

a) relative effects of oxygen on biotite and hornblende, b) the effec-
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tiveness of the mineral assemblage as an oxygen buffer or c)crystalli-
zation in an unbuffered system. Dodge and Ross found the Sierra Nevada
trend, interpreted as crystallization in a closed system with oxygen
fugacities buffered by the minera]Aassemblage, to be the usual case.
Data for the three hornblendes from the Pioneers analysed by wet chemi-
cal methods and for tée biotites analysed by microprobe and colorimetry
are plotted. As in the case for the Sierra Nevada hornblendes,

Pioneer hornblendes are more oxidized (higher Fe*3/Fe*2) than coexist-
ing biotites; Fe/Mg values for hornblendes are lower than for biotites.

Fet3/Fe*2 values from bulk analysis of hornblende separates are
probably not representative of Fe*3/Fe+2 for all compositions observed,
especially where brown cores and green rims are noted. Helz (1973)
found changes in color in hornblendes encountered in basalt experiments.
QFM-buffered hornblendes were green-blue at low temperatures, brown at
high temperatures. HM-buffered hornblendes were pale green at all
temperatures investigated. Color changes in Pioneer hornblendes may
represent a combination of chemical (namely Ti), temperature and oxygen
fugacity variations.

Dodge and Ross pointed out that although Fe*3 occupies a different
structural site in hornblendes, the relative effect of oxygen on
Fe*t3/Fe*2 is probably the same for both minerals. The three Pioneer
hornblendes fall along a trend subparallel to Wones' and Eugster's
experimentally determined curve for biotites buffered by hematite-
‘magnetite oxygen fugacities. Pioneer biotites however, do not define a

smooth trend.
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Figure 38.

Pioneer biotites and hornblendes in terms of Fe*3, Fe*2 and
Mg. Only those samples for which Fet3/Fet2 data are
available are shown. Coexisting biotites (circles) and
hornblendes (triangles) are connected with a line., Dotted
lines represent in trends for experimentally buffered (at
f0p defined by the nickel-bunsenite buffer) biotites (after
Wones and Eugster, 1965).
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Wones (1972) described the stability of biotite in equilibrium
with potassium feldspar, magnetite and Hy0-bearing melt in terms of
temperature, fgp and fyog as follows:
log fypp= 7409 bt kspar mt

T +4.25 + 1/2 log fgp + 3 log « - 109 a -loga ,
Fet2 or

where f = fugacity, a = activity. Hewitt (personal communication,
1981) recently investigated the stability of annite and proposes the
following revised expression for biotite-sanidine-magnetite-melt
equilibria at oxygen fugacity defined by WM to NB.

Tog fyoq = ﬂglg + 6.69 + 1/2 Tog fop + 3 109 Xapnite - 109 " -

log aégPAR - 011(P-1)

where Xypnite = Fe*z/z octahedral cations. At higher oxygen fugacities
(NB to HM buffers), Fe*3 increases the stability of biotites of inter-
mediate compositions; thus the revised equation describes the minimum
stability curve for oxidized biotites. Stability curves were calculated
for three of the Pioneer biotites for which Fet2/Fet3 data were
available. The three samples represent granodiorite, typical Cretaceous
granite and muscovite granite. In making these calculations, phase
activites were based on microprobe data as follows: mole fraction (x)
for Fe*2 in biotite was taken from the average value of Fe*z/z octa-
hedral cations for each rock; activity of orthoclase in potassium
feldspar was taken directly from Or-Ab-An-Cs values computed from
microprobe analyses; activity of magnetite was assumed to be 1 because

analyses showed magnetite to be pure.
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Calculated biotite stability curves in terms of water fugacity and
temperature for oxygen fugacities defined by the hematite-magnetite
and nickel-bunsenite buffers are shown in Fig. 39A. The observation of
hematite lamellae in magnetite and inferred hematite coloring potassium
feldspar pink in Cretaceous granite suggest that values defined by the
hematite-magnetite are a suitable upper limit on oxygen fugacites;
presence of sphene + magnetite in Cretaceous rocks suggests a lower
1imit on oxygen fugacities near those defined by the nickle-bunsenite
buffer, based on the stability of the assemblage sphene + magnetite +
hedenbergite + ilmenite + quartz described by WOnes.(in press). Biotite
curves calculated for oxygen fugacity values of the hematite-magnetite
buffer do not intersect the granite minimum melting curve. All three
biotites intersect the granite curve when lower oxygen fugacity estimates
are used in the calculation. The intersection occurs at approximately
500-600 bars water fugacity and temperature around 770-790°C. Although
the curves are based on average compositions and are quite similar,
the intersection of the curve for biotite from granodiorite occurs at
highest temperatures, lowest pressures and that of muscovite granite
occurs at Towest temperature. Assuming a water fugacity of 500 bars,
these same biotites were plotted as a function of oxygen fugacity and
temperature. Czamanske, Wones and Eichelberger (1977) showed that the
intersection of biotite stability curves with the nickel-bunsenite
buffer curve provides an estimate of the maximum crystallization temper-
ature when the assemblage sphene-magnetite-quartz occurs, 1mp1ying a
Tower 1imit on oxygen fugacities; errors in estimates of water fugacity

of 1 kbar result in a shift of only about 0.6 log units for Pioneer
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biotite stability curves in terms of temperature and oxygen fugacity
are plotted in Fig. 39B. The assemblage sphene + magnetite + quartz
does not pertain to the muscovite granite and so actual oxygen fugaci-
ties are probably lower than estimated values. Unfortunately, the
ilmenite present in these (muscovite granite) rocks is too Mn-rich and
altered to reliably estimate a stability curve for ilmenite. The Fet2
values used in calculations are a minimum due to the ease of oxidation
of biotite in sample handling and errors in FeQ determination, Relative
effects of errors in composition and in pressure estimates are indicated
by the arrow in Fig. 398B.

Munoz and Ludington (1974) measured F - OH exchange in biotite
by fluorine buffering techniques. They demonstrated that F/OH ratios,
which are a function of fyso/fyr in the fluid, Fe/Mg ratios of biotite
and temperature, can provide an estimate of the fluid composition and
temperature for the last condition of biotite equilibration with a
fluorine-bearing fluid. Halogen contents for Pioneer biotites are low
(0.4 to 1 wt.% F). Although the data are variable, biotites from musco-
vite granite tend to be highest in F, biotites from granodiorite tend
to be low, and biotites from Cretaceous granite are erratic. For a
temperature of 780°C, a maximum, based on the discussion in previous
paragraphs, the appropriate Fe/Mg and F/0H ratios for biotites suggest
equilibration with a fluid with log fypo/fyr = 4, which is a value
commonly encountered for igneous biotites (Mumoz and Ludington,
1974). Biotites in muscovite granite are about twice as rich in fluorine
(~ 0.2 atoms F per formula unit) as coexisting muscovite (0.1 or less

atoms F per formula unit).
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Although lack of accurate data on halogens OH for micas precludes
rigorous assessment of F ¥ OH exchange, comparison of data on coexisting
" biotites and muscovites with Munoz and Ludington's (1977) "equilibrometer",
which relates log K for biotite and muscovite (Tog K = Log (aF/aOH)bt +
log (aOH/aF)mu to biotite composition (mole fraction Mg in octahedral
layer), suggests that some F-loss from biotite may have occuried.

Feldspar geothermometry

Barth (1934) proposed the use of the equilibrium distribution of
sodium (albite) between coexisting plagioclase and alkali feldspar as
a geothermometer., Stormer (1975) elaborated on the method and published
curves relating mole fractions of albite in feldspars to temperature
at various pressures, assuming a disordered (sanidine) structural
state model for the alkali feldspar. Whitney and Stormer (1976) suc-
cessfully applied the geothermometer to epizonal plutonic rocks in a
study comparing temperatures obtained from Stormer's (1975) curves using
expanded beam microprobe data with temperatures obtained from iron
titanium oxide mineral geothermometry. The effect of structural state
of alkali feldspar on albite distribution was considered by Whitney
and Stormer (1977) who presented additional temperature curves for an
ordered madel (microcline) for alkali feldspar.

Application of the two-feldspar geothermometer requir2s 1) assess-
ment of textural relations to determine which phases are in equilibrium
2) knowledge of plagioclase composition 3) knowledge of bulk composition
and structural state of alkali feldspar and 4) an estimate of total

confining pressure.
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In the Pioneer rocks, plagioclase is always an early-appearing
(1iquidus) phase. Textural relations between alkali feldspar and other
minerals suggest that it began crystallizing late in the course of
magma solidification. Thus it is unlikely that plagioclase cores co-
existed in equilibrium with alkali feldspar. Plagioclase-potassium
feldspar grain contacts are frequently characterized by myrmekite
lobes protruding from the plagioclase into the potassium feldspar. In
some cases, a thin rim of albite (An<5) occurs between the two feld-
spars; this rim probably represents a subsolidus reequilibration event
and may represent loss of albite from the potassic phase.

The ranges of feldspar compositions observed for representative
samples of Pioneer plutons indicate relatively low (submagmatic) equi-
libration temperatures when plotted on Whitney and Stormer's (1977)
curves for albite distribution between coexisting feldspars at 1 kbar
(Fig. 40). Data for albite distribution was taken from microprobe
data; the 1 kbar curve were chosen in accord with low pressures for
emplacement indicated by field evidence. Increase in estimated pressure
displaced the curves towards higher temperatures by about 20°C per
kbar (Whitney and Stormer, 1976)§ Plots are arranged from A to F in
order of increasing degree of differentiation (based on differentiation
index from rock chemistry). In each case, it is probably reasonable to
assume that only the upper portions of each compositional range "box",
the plagioclase rim compositions, represent the plagioclase composition
in equilibrium with the alkali feldspar. Structural state determinations
on alkali feldspar suggest that neither sanidine nor microcline strictly

apply, but that some curve intermediate between the two approximates
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the true situation. Despite the uniformly low temperatures, there is a
hint of a progression from temperatures in the range 500-600°C in
the more mafic rocks to temperatures in the range 400-500°C in the
muscovite granites. Data did not seem to warrant calculation of specific
temperatures for analysed feldspar pairs. Principal causes of error
in application of the two-feldspar thermometer which could account for
low temperatures are 1) inaccurate determination of the albite component
in the alkali feldspar and 2) low estimates of confining pressure.

Extensive reequilibration is not indicated for the batholith as a
whole because zoning in both plagioclase and hornblende is preserved
as well as zoning of Ba in potassium feldspar. Although the range of
Or variation across a given grain of potassium feldpar is limited,
highest Or contents are consistently observed near grain margins
rather than in cores, suggesting that sodium may have been lost from
the feldspar grain.

Muscovites as indicators of pressure

Classical interpretation of pressure of rock crystallization based
on the observation of primary (crystallized from a magma) muscovite in
a granite is incompatible with a model of crystallization in a Tow
pressure regime. Recent experimental work on stoichiometric muscovite
by Chatterjee and Johannes (1974) showed that muscovite is stable as a
liquidus phase only at relatively high pressures. The breakdown re-
action curve for muscovite + quartz plotted in P-T space intersects
the minimum melting curve of granite at ~3.5 kilobars. Muscovite
formed below the intersection of these 2 curves must form in the solid

state. Translated into rock load pressure, 3.5 kilobars implies more
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Figure 40.

Application of 2 feldspar geothermometry to Pioneer feldspar
compositions determined by microprobe analyses. 1 Kbar
curves for sanidine (dotted) solid solution model and
microcline solid solution model (solid) model are taken
from Whitney and Stormer (1977). Boxes show range of
compositions for each sample. R = plagioclase rims, C
plagioclase cores. Increasing pressure shifts isotherms to
the left, i.e., higher T for a given composition.
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than 12 kilometers of overburden above a magma crystallizing muscovite

as a liquidus phase. Consequently, many observers of "primary"-looking
muscovite in granitic rocks which are interpreted as products of crystal-
lization at shallow depths on the basis of field evidence consider all
muscovite in such rocks as a "secondary," subsolidus alteration product
rather than a "primary" magmatic phase (see Hyndman, 1972; Benoit,

1971; Bradfish, 1979).

Yoder and Eugster (1955) noted the occurrence of 2 textures of mus-
covite as interstitial flakes and as sericite in feldspars and suggested
that the textures might represent 2 generations of muscovite, one a
liquidus phase, one a subsolidus phase. Inherent in the conclusion
that primary muscovite + quartz cannot form in a granite magma at
pressures less than 3.5 kilobars is the assumption that the experimental
work on both granite and muscovite is applicable to the cases under
consideration. The P-T curve for granite considered by Yoder and
Eugster (1955) was the minimum melting curve for a calcium-free granite
(Tuttle and Bowen, 1953, p. 50) and the muscovite used in the experi-
ments was pure, synthetic muscovite. Presence of an An-component raises
the granite solidus; other components may have the opposite effect.

The effect of substituents on muscovite stability is not well
understood. Miller and others (1981) examined compositional variations
in plutonic muscovites and concluded that observed compositions were
too non-ideal to use as an indication of pressure. Discussions of the
stability of non-ideal muscovite, namely celadonite [K (Mg,Fe*?2)
(Fe+3A1)Si40]O(OH)2] relative to the stability of ideal muscovite in

recent petrologic literature pose conflicting views (see Bradfish,



137

1979; Miller and others, 1981; Anderson and Rowley, 1981).

No experimental work bears directly on the problem of magmatic
muscovite stability. Velde (1965) experimentally investigated the
stability of phéngite micas. Velde found that increasing the
celadonite component in muscovite at constant pressure decreases
the thermal stability of phengite; for constant composition, he
found that a pressure increase from 2 to 4.5 kbars slightly expanded
the phengite stability field. Velde's work is not directly applicable
to the magmatic situation for the following reasons: 1) Ti, an
important component in muscovites which are candidates for primary
magmatic phases on textural grounds, was not considered in the ex-
periments and 2) the celadonite contents of natural muscovites in
plutonic rocks are greater than Velde's phengite stabi]ityvfield
would permit at near-magmatic temperatures (Miller and othérs,
1981). This latter observation, which also applies to the Pioneer
muscovites, led Miller and others (1981) to conclude that 1) Velde's
data is inapplicable for igneous rocks or 2) that apparent primary
muscovite is reequilibrated or secondary in origin.

Wise and Eugster (1964) studied the synthesis and thermal

stability of celadonite, KMgFe3

+Si40]0(0H)2, using hydrothermal
techniques under conditions of controlled oxygen fugacity with

Ptotal = 1000 to 2000 bars. They found that the upper stability
Timit occurs around 410°C and is only slightly affected by P and fpp.
In the P range 1000 to 2000 bars, celadonite broke down to ferri-

phlogopite + ferrisanidine + quartz + vapor between 400 and 425°C

under fgo conditions defined by the nickel-bunsenite buffer.
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Bradfish (1979) presented several reactions which could account
for subsolidus muscovite. He proposed that the commonly observed
~association of muscovite with biotite and magnetite may result from a
-reaction of the type:

3biotite + 24t + 372 0, = muscovite + 3magnetite + 6quartz +3H,0 + 2kt
(KFe3AlSigi(0H)p)  (KAT3S13010(0H)z) (Fes0p)  (Si0p)

whereas sericite in feldspars may result from reactions of the type:

3albite + 2H* + K* = muscovite + 6quartz + Na‘
(NaA1Si30g) (KA13S13079(0H)2) (Si07)

Thus, experimental work on relevant systems lends no support to
magmatic muscovite. The effects of Ti and F substitutions, which probably
increase the thermal stability of muscovite have not been-asgéssed
experimentally.

Bradfish noted that muscovite occurred only in late facies of the
intrusive sequence and suggested that the presence of an aqueous phase
may have been a key factor in the formation of muscovite.

Zen and others (1980) considered several possible explanations for
magmatic muscovite in the apparently high level plutons of the Pioneer
rocks, such as lowering the granite solidus temperature by halogens or
other components, increasing the load pressure from 1 to 3.5 kilobar
in a 10 to 15 million year time span, or crystallizing muscovite at
depth in a crystal-liquid mush which was finally emplaced at shallow
levels in the crust.

Although no analyses for boron or beryllium have been done on
Pioneer rocks, no evidence (accessory tourmaline or beryl, for example)
has been observed in support of these elements as major magma components.

Choriton and Martin (1978) showed that addition of 5% By03 Towers the

o emmsa I e en e e R i s e i TSR R gp——



139

solidus of an An-free granite composition by 125°C at PHy0 = 1 kbar.

HF and Li50 are other components which decrease the granite solidus
temperature (Wyllie and Tuttle, 1961, 1964). Bailey (1977) reviewed
fluorine in granitic rocks and described average F contents of calc-
alkalic plutonic series rénging from 0.07 wt.% to 0.11 wt.%, with

highest values for biétite and biotite-muscovite granites. This trend
reflects the fact that most F in calc-alkalic granites occurs in biotite,
with less uptake in hornblende and muscovite. Thirteen whole-rock F
analyses for Pioneer rocks indicate a range from 0.02 to 0.08 wt.% F,
with all 5 Cretaceous granite samples containing 0.04 wt.% F. No
consistent trend is observed in F distribution. As previously described,
F and Li contents in micas are not exceptionally high.

Zen, Arth and Marvin (1980) found no field evidence to substantiate
the required pressure increase from 1 kbar at 70 Ma when Cretaceous
granite was intruded to ~ 4 kbar at 65 Ma, which is the K/Ar date for
biotite in the muscovite granite plutons. If the muscovite-bearing
plutons represent a deeper level of the same batholith (no miarolites
observed in muscovite granite) then considerable structural modification
and erosion must have occurred to obliterate the overlying rock load.
The only evidence supporting a major erosional event is the absence of
volcanics associated with the plutons in the northeastern parts of the
batholith (Zen, written communication).

Crystallization of some muscovite at depth and subsequent entrain-
ment in a magma mush emplaced in a lower pressure environment is the
most appealing alternative. High Al and F2 contents distinguish biotite

in Tertiary granite from biotite in Cretaceous granite. The association
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of ilmenite with titanohematite occurs only in Tertiary granite where
it is highly oxidized and intimately associated with biotite and musco-
vite. Ti-free magnetite is observed élsewhere in the same rocks.
Sphene is rare in Tertiary granite. Mineral chemistry and mineral
assemblage suggest that the micas in Tertiary granite formed in a more
reducing environment than the micas in Cretaceous rocks where primary
muscovite is absent, biotite iron contents are lower and sphene is
ubiquitous. Whether or not this “"different" environment is specifically
indicative of higher pressure cannot be ascertained.
Opaque Oxide Minerals as Indicators of Fpp

The opaque oxide mineral assemblage observed in Pioneer rocks is
not amenable to interpretation of intensive parameters such as tempera-
ture and oxygen fugacity because a) ilmenite is absent throughout the
Cretaceous plutons and b) ilmenite which is present in the Tertiary
muscovite granite plutons is extremely Mn-rich and highly oxidized.

Haggerty (1976) discussed the significance of the absence of ilme-
nite in terms of ilmenite stability with regard to silica activity and
oxygen fugacity. Absence of ilmenite with abundance of sphene in
Pioneer rocks is consistent the fact that Ti0, exhibits a greater
affinity for Ca0 than for FeO,Mg0 and Si0p. Verhoogan (1962) demonstrated
that the association sphene or perovskite + magnetite is more stable
than the assemblage ilmenite + diopside at low temperatures aﬁdbre1a-
tively high oxygen fugacities. High oxygen fugacities and high silica

activity favor the formation of sphene relative to perovskite.
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Wones (1981) reviewed the implications of the assemblage sphene +
magnetite with regard to oxygen fugacity and examined thermodynamic
data bearing on the reaction

magnetite + sphene + quartz = ilmenite + hedenbergite

]

2Fe304 + 3CaTiSi0g + 3Si0p = 3FeTiO3 + 3CaFeSiglg + 07
Experimental data place this reaction at oxygen fugacities lying just
above those defined by the nickel-bunsenite buffer., Field studies
indicate a relatively high prevailing oxidation fugacity for sphene +
magnetite assemblages.

Lack of ilmenite and abundance of sphene in Cretaceous rocks sug-
gests that conditions defined by this reaction apply as a lower limit
on prevailing oxygen conditions during crystallization of Cretaceous
magmas. Presence of hematite in magnetite suggests an upper limit;
hematite probably represents a late oxidation event. Haggerty (1976)
emphasized the ease with which iron oxide minerals reequilibrate and
the difficulty in using them to obtain a record of cryatallization
conditions.

Paleocene muscovite granites are characterized by high whole rock
Fe0/Fe203 ratios, high Fe/Mg ratios for biotite, relatively low Fe+3/Fe*+2
+ Fe*3 for biotite. Pure magnetite, similar to magnetite found in
Cretaceous rocks occurs in Paleocene granite. Sphene is rare to absent.
Ilmenite and titanohematite, both Mn-rich, occur as well. One interpre-
tation of the observed mineral assemblage in keeping with a magmatic
origin for muscovite, is that muscovite, biotite and Fe-Ti oxide minerals
crystallized in an environment characterized by relatively low oxygen

fugacities compared to the environment in which Cretaceous rocks crystal-
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lized. Final emplacement may have been accompanied by growth of the
pure magnetite and oxidation of Fe-Ti minerals at relatively higher
oxygen fugacities. Cerfainly, temperature differences ana chemical
environment (silica activity, peraluminous character, volatiles) played
a complex role in generating the muscovite granites, if in fact, they
are related to the Cretaceous rocks at all.
Summary

Mineral compositions for Pioneer rocks preserve some evidence of
conditions during magma crystallization and evidence of subsolidus
reequilibration. Table XV summarizes primary magmatic vs. reequilibra-
tion features.

Hornblendes and biotites record progressive changes from grano-
diorite to granite to muscovite granite which are consistent with
a model of decreasing temperature and oxygen fugacity as crystalli-
zation proceeds. Zoning in hornblende and plagioclase is preserved.
Plagioclase appears to be a liquidus phase in all rocks and maxi-
mum anorthite contents decrease as the rocks become more siliceous.
Alkali feldspars do not record magmatic temperatures. Muscovite and
iron titanium oxides contain too many impurities to make assumptions
about pressure based on experimental work on stoichiometric minerals.
Magnetite is observed in plagioclase, biotite and hornblende and
is interpreted as a phase which began to crystallize early. Similarly,
coarse, euhedral sphene appears to be a primary magmatic phase. Occur-
rence of magnetite + sphene as primary minerals suggests that the
intrinsic oxygen fugacity of the Cretaceous magmas was high (Wones,

1981). Sphene rims on magnetite and granular sphene in mafic silicates
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Table XV. Compositional and textural features of Pioneer rocks

Magmatic Subsolidus reequilibration
zoning in plagioclase thin albite rims at
(An decreases with increasing rock plagioclase-alkalifeldspar
Si07) contacts

plagioclase synneusis

myrmekite

?Ba zoning in alkali feldspar alkali feldspar bulk
compositions

zoning in hornblende Fe/Fe+Mg in hornblende of

(A1, Ti decrease as T decreases, quartz diorite

silica activity increases)

decreasing Ti in biotite as Tow Na in biotite

rock Si0, increases

increasing Fe/Fe+Mg in mafic Fe/Fe+Mg in some Cretaceous

silicates with decreasing fgo biotite

from Cretaceous to Paleocene rocks

euhedral sphene granular sphene in mafic
silicates

flow banding of biotite chloritization of biotite

(Tocally observed)

high Ti muscovites cross-cutting muscovite (low Ti) in

biotites or occurring as discrete feldspars in all rocks

flakes in Tpg

allanite crystallization oxidation of opaque oxide

minerals
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-may represent a late magmatic-metamorphic reequilibration.

Biotites from Paleocene granite are distinct from other biotites
by virtue of their higher iron content (Fig. 41). Within the Cretaceous
rocks, biotites compositions are not a useful discriminant. Hornblendes
from the main granodiorite pluton have lower maximum Fe/Mg ratios than
hornblendes from the granite pluton. In the problematic zone of
contact between the two plutons, hornblende compositions are inter-
mediate. The 4 samples of rocks more mafic than granodiorite (quartz
diorite and tonalites) are all from relatively small, border plutons.
Sampling of these rocks is too limited to draw any conclusions from
mineral compositions other than to say that they are not on the trend
of the other rocks. This may indicate 1) that some or all have been
affected by later intrusive activity 2) that different conditions
(especially oxygen fugacity) prevailed or 3) that they are not

genetically related to the granodiorite and granite.
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Discussion

The range of rock types observed in the Pioneer bathg]ith (quartz
diorite to muscovite granite) and linear major element chemical trends
are consistent with a model of magmatic differentiation. High initial
strontium ratios for all plutonic rocks suggest that magmas were derived
from or heavily contaminated with an upper crustal source (Zen and
others, 1980) and variations in initial strontium values suggest that
more than one magma and possibly a complex source terrane was involved
in the production of Pioneer magmas. Persistence of high initial stron-
tium values from Cretaceous to Paleocene suggest a possible genetic
link between plutons of different age. The problem of peraluminous
magma generation from a calc-alkalic magma is beyond the scope of this
paper. Zen (1980) presented two possible mechanisms consistent with
chemical trends in minerals exhibited by the Pioneer rocks. Bradfish
(1979) presented a lengthy review of theories of origin of peraluminous
magmas cited in current petrologic literature.

Limited data on trace elements and similarities of rare earth pat-
terns are not inconsistent (but do not prove) with magmatic differenti-
ation as the dominant process responsible for variations in Pioneer
rocks.

Country rock assimilation does not appear to be a significant fac-
tor in accounting for variation in rocks for the following reasons: 1)
Sedimentary xenoliths are rare; schlieren and discoid-shaped clots of
mafic mineral concentrates are locally abundant but these appear to be
cognate (same minerals inside clots as outside, higher concentration of

mafic silicates inside clots). 2) Plutons are homogeneous with respect
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to mineral assemblage although modal abundances are variable. 3)
country rock is carbonate in many places and incorporation of such mate-
rial is not evident in whole rock COs contents or in initial strontium
values, which would tend to be lowered by incorporation of carbonate.

Snee (1978) suggested possible explanations for the lack of con-
sistent trends with time based on studies in the southeastern portions
of the batholith, such as changes in the physical conditions at the
magma source with time, tapping of different zones of a single magma
chamber or formation of different magmas at different levels in the
crust.

Strontium data supports a multi-source model for the Pioneer rocks.
Trends in mineral chemistry in major plutons suggest that exposed
levels represent evolution of one or more (if more, quite similar)
magmas largely by differentiation. Pressure quenches may account for
the distribution of porphyritic rocks.

Crystallization sequences based on petrographic observations
suggest that 1) plagioclase was a liquidus phase for all of the plutonic
rocks of the batholith, followed by onset of crystallization of mafic
silicates, 2) quartz and alkali feldspar for granodiorite, and 3) alkali
feldspar and quartz for granites.

In recent years, comparisons of observed sequences of crystallization
for natural rocks with experimentally derived sequences forAsynthetic
granitic rock compositions have been used to estimate water contents of
granitic magmas. Whitney (1975) investigated relations in the system
CaAl,Si90g-NaA1Si30g-KA1Si30g-S102 as a function of P, T and water

content. Naney (1977) added Fe and Mg to the same system and found
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that for a given composition and pressure, the order of crystallization
varied as a function of water content. Fig. 42 is modified from
Naney's diagrams for 2 kbar crystallization §equences for granodiorite
and granite compositions. For the granodiorite compositon, alkali
feldspar crystallizes before quartz for low water contents (1.0
weight percent), but at water contents of 3.0% and greater, quartz
precedes alkali feldspar. At 3.0% water, orthopyroxene and biotite
were the only mafic silicate minerals encountered whereas at higher
water contents, hornblende crystallized. For the granite composition,
alkali feldspar precedes quartz at all water contents, but biotite
preceded alkali feldspar only at 3.5% water.

Although Naney's bulk compositions are not diréctly comparable
to Pioneer rocks, inferred sequences of crystallization agree with
experimental data and suggest that Pioneer granodiorite and
granite magmas contained moderate (>2 wt%) amounts of water.

Evidence of late magmatic-metamorphic reactions, such as chlor-
ftization of biotite and hornblende, formation of sericite and
saussurite in feldspars, exists in Pioneer rocks; however, there is no
evidence for a pervasive alteration event, Coarse muscovite can be
interpreted as a primary magmatic phase or as a subsolidus alteration
product. Similarly, epidote, which is particularly abundant in Cretaceous
granite, is probably of deuteric origin. Naney and Swanson (1980)
reported epidote as a stable phase encountered in crystallization ex-
periments on Fe-Mg bearing granite systems, at magmatic temperatures
(600°C). Magmatic epidote has been reported for the Ecstall pluten in
the Coast Range of Canada (Chorlton and Martin, 1978) and Whitney and



149

granodiorite

granite
1100 S
| 1100 ,
r :
!
| [
| b
t i '.
i P
900 1 T 000 :P
| W
A
A A
) °Q
|
88
a 1 i
700 1 | 700! !
| ——
I i
I
L L 1'L
2
WT. %H20 WT. % H20

Figure 42. Crystallization sequences for synthetic granite and
granodiorite compositions as a function of T and %H20
at 2 kbar. Diagrams modified from Naney (1977).

V:vapor L:1iquid
P:plagioclase A:alkali feldspar
B:biotite Q:quartz



150
others (1976) suggested a late magmatic origin for muscovite and

epidote in the Stone Mountain Granite by reactions such as

4anorthite + K-feldspar +2H50 = 2clinozoisite + muscovite + 2quartz

and
6anorthite + 2K-feldspar + annite + 7/2H20 + 3/402 = 3 epidote +
3muscovite + 3 quartz.

Crystallization of Stone Mountain granite took place af higher pressures
(~ 12 km depth) than pressures inferred for solidification of Pioneer
magmas. The association of epidote with chlorite in biotite in Pioneer
rocks however, lends support to a subsolidus origin for epidote.
Granular sphene, which appears to be compositionally distinct from
euhedral sphene is commonly observed with epidote in a given biotite
grain.

In recent years, two major trends of thought on the nature of calc-
alkalic complexes have arisen in the literature based largely on detailed
petrologic studies in Australia and Japan.

The Australian school of thought, led by Chappell and White (1974)
contends that granitic rocks (granitoids) may be classified in terms
of the nature of their source rocks as I-type (igneous source for
magma) or S-type (sedimentary source). Chemical and mineralogical
criteria for separating the two types are cited in Table XVI.

The Pioneer rocks cannot be neatly assigned to either category. An
[-type character is suggested by wide range of silica, linear variation
diagrams, low 8018 values (written communication, S. 0'Neil), and
Tack of association with regionally metamorphosed rocks whereas S-type

character is suggested by high (>0.710) initial strontium values and
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presence of muscovite., The amount of normative corundum in Pioneer
rocks ranges from 0 to 2.6%; Nap0 varies from 2.4 to 4.5 wt%. Garnet
and aluminum silicate miﬁera]s, which are key S-type mineréls, are not
observed.

In a paper describing granitoid genesis as a product of metamorphism,
White and Chappell (1977) presented a molar plot of Al-Na-K:Ca:FetZ + Mg
for whole rock chemical data which neatly separatéd I- and S-type rocks
in Australia. Plotted in these terms, Fig. 43, the Pioneer rocks
clearly lie in the I-type region of the diagram.

Despite the obvious utility of these criteria in describing other
plutonic assemblages, the Pioneer rocks defy any attempts to propose a
simple, consistent model,

The Japanese school of granite classification, proposed by Ishi-
hara (1977), divides rocks observed in the granite belts that span Ja-
pan into a "magnetite" and an "ilmenite" series, characterized chiefly
by the presence or absence of magnetite. Other criteria used to separ-
ate the two series are noted in Table XVII. Ishihara considered oxygen
fugacity to be the most important factor leading to formation of one
series or the other. Although total iron (whole rock) contents were
the same for both groups of rocks, ferric/ferrous ratios differ. Oxygen
fugacity conditions aproximating fhose defined by tﬁe nickel-bunsenite
buffer are considered as the boundary between the two series. Ishihara
noted the association of molybdenite, scheelite-gold deposits, and
porphyry coppers with rocks meeting the criteria for the "magnetite"
series, whereas "ilmenite" series rocks are associated with tin and

wolframite greisen mineralization. He proposed that the presence of
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Figure 43. Molar Al-Na-K, Ca, Fe+2 + Mg diagram for Pioneer rocks.
White and Chappell's "I" and "S" type granite compositions

(1977) are plotted for reference.
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carbonaceous material in shallow crustal environments contributes

to the relatively reducing conditions that give rise to the ilmenite
series rocks whereas magnetite series rocks are generated from deeper
sources.

Considered in these terms, the Pioneer rocks belong to the "mag-
netite" series: magnetite is found in all rocks, biotite compositions
plot near or above conditions defined by the nickel-bunsenite buffer,
associated mineralization is of the scheelite-molybdenite type, and

pyrite is the common sulfide mineral.
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Table XVI. Characteristics of I- and S-type granitoids

I-type S-type
Wide range of Si0, High Si0;
<1% normative corundum >1% normative corundum
Linear major element Irregular variation
variation diagrams \ diagrams
Low initial strontium High initial strontium
.704"-706 A . - >¢708
Tow 6180 <10 High §'80 >10
High Nag0 Low Nao0
3.2 <3.2

Peraluminous minerals

Not associated with Commonly associated with
regional metamorphism regional metamorphism
and migmatites

Molecular Al,03/
Nag0 + K20 +Ca0 >1.1



Table XVII.

"Magnetite" Series

Magnetite present

0.1-2% opaque oxide minerals
Hematite replacing magnetite
Sulfide = Pyrite

Sphene common

Epidote

High Fe*3/Fe*2 for biotite
High Mg/Fe for biotite

155

"ITmenite" Series

Magnetite absent

<0.1% opaque oxide minerals

Sulfide = Pyrrhotite

Low Fe+3/Fet2 for biotite

Low Mg/Fe for biotite
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Conclusions
Pertinent changes in rock mineralogy and chemistry and mineral
chemistry are summarized in Table XVIII. Results of this study demon-

strate that

1) modal, chemical and mineralogic data show changes within
given map units

2) mineral compositions record both magmatic and subsolidus
reequilibration conditions; zoning in plag1oc1ase and horn- )
blende, related to changes in bulk composition and decreas1ng o
temperatures are preserved; alkali feldspars are all Or-rich
and do not record magmatic temperatures (<700°C)

3) values of oxygen fugacity were relatively high throughout the
crystallization of Cretaceous rocks as evidenced by the
abundance of sphene and absence of ilmenite

4) Paleocene rocks have a distinct mineralogy and may have
crystallized partly or entirely under different conditions
from those that prevailed during crystalilization of the
Cretaceous rocks.
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Appendix I

The complete set of microprobe analyses for Kpgr sample WC (coded
333) is given on the following two pages. Three hornblende grains from
a single thin section are represented.

Grain 1: points all-al7

Grain 2: points a2l-a22

Grain 3: points a31-a33
Where points were specifically chosen to analyse cores or rims, the
location of the point within the grain is noted at the bottom of the
table.

Due to heterogeneity of hornblendes in Pioneer rocks, averages
were not considered meaningful.

Ferric iron is computed as 27% Fe+t3/Fe*3 + Fet2, Theoretical
water content is assumed (2 OH per formula unit). The following elements

were not analysed: Ba, Cl, F, S, Cr, P.



KPGR
333
H3LD
a
13
$i02 50.82
AL203 3.31
Fe203 3.79
FeO 9.23
Mgo 15.23
Ca0 14.34
Na2o 0.40
K20 0.20
H20 0.00
Tio?2 0.23
P20S 0.00
MNnO 1.07
Bao 0.00
ct 0.00
F 0.00
S 0.00
€r203 0.00
Sum 98.63
Cl=0 6.00
F=0 0.00
SUM 984,63
H20 calc 2.08
SUM 100.71
CATIONS ON THE BASIS OF
Si 7.336
AlLCiv) 0.563
T= 7.899
Al (vi) 0.000
Fe(iii) 0.412
Fe(ii) 1.115
Mg 3,277
Ti 0.025
Mn 0.131
M1=M3= 4.959
Mn 0.000
Felii) 0.000
Mg 0.000
Ca 2,000
Na 0.000
M4s 2.000
Na 0.112
K 0.037
Ca 0.218
A=z 0.367
CATSUM 15,226
F 0.000
cL 0.000
OHcale 2.000
ANSUM 2.000
Fe/Fe+Mg 0.32

KPGR
333

HBLD
a

14

48,31
4.87
4. 11
9.99

14,30

13.55
0' 99
0.53
0.00
O‘ ?6
0.00
1.30
0.00
0.00
0.00
0.00
0.00

98.71

0.00
0.00
98.71

2.05
100.76

23
7.050
0.838
7.888
0.000
0.451
1.220
3.110
0.083
0.136
5.000
0.025
0.000
0.000
1.975
0.000
2,000
0.280
0.099
0. 144
0.523

15,411
0.000
0.000
2.000
2.000

0.35
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KPGR -
333
HBLD

a
15

68.37
4.58
4.03
9.80

14,55

13.66
0.59
0‘ ‘2
0.00
0.62
Dooo
1.32
0.00
0.00
0.00
0.00
0.00

97.93

0.00
0.00
97.93

2.04
99.98

OXYGENS

7.096
0.792
7.888
0.000
0444
1.202
3.181
0.068
0.104
5.000
0.060
0.000Q
0.000
1.940
0.000
2.000
0.168
0.079
0.207
0.453
15.341
0.000
0.000
2.000
2.000

0.34

KPGR
333
HBLD

a
16

49,53
4,17
3.8¢
9.34

14.82

13.60
0.60
0.33
0.00
0.63
0.00
1.26
0.00
0.00
0.00
0.00
0.00

98.12

0,00
0.00
98.12

2,06
100.18

7.208
0.715
7.923
0.000
0.420
1.137
3.214
0.069
0.155
4,996
0.000
0.000
0.000
2.000
0.000
2.000
0.169
0.061
0.121
0.351
15.271
0.000
0.000
2.000
2.000

0.33

KPGR
333
HBLD

17

49,82
6.30
3.88
9.45

15.1¢

13.80
0.67
0.40
0.00
0.76
0.00
1.38
0.00
0.00
0.00
0.00
0.00

99460

0.00
0.00
99.60

2.09
101.68

7.157
0.728
7.886
0.000
0.420
1.135
3.242
0.082
0.122
5.000
0.046
0.000
0.000
1.954
0.000
2.000
0.187
0.073
0.171
0.431
15.316
0.000
0.000
2.000
2.000

0.32
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333
H3LD
a
22
$i02 46,08
AL203 6.28
Fe203 4,38
FeQ 10.65
Mgo 13.19
Cao0 13.39
Na20 0.73
K20 0.74
H20 0.00
Ti02 1.14
P205S 0.00
Mn o 0.86
8a0 0.00
cl 0.00
F 0.00
S 0.00
cr203 0.00
Sum 97.44
cL=0 0.00
F=0 0.00
SUM 97.44
H20 calc 2.02
SuM 99.45
CATIONS ON THE BASIS OF
Si 6.849
ALCiv) 1.100
T= 7.950
Al (vi) 0.000
Fe(iii) 0.490
Fe(ii) 1.324
Mg 2.922
Ti 0.127
Mn 0.108
Ml=M3= 4,971
Mn 0.00C
Fe(ii) 0.000
Mg 0.000
Ca 2.000
Na 0.000
Mé= 2.000
Na 0.210
K 0.140
Ca 0.133
A= 0.483
CATSUM 15.404
F 8.000
cL 0.000
OHcalc 2.000
ANSUM 2.000
Fe/Fe+Mg 0.38

KPGR
333

H8LD
3

31

46429
6.37
6.20

10.22

13,48

13.73
0.80
0.67
0.00
1.10
0.00
1.00
0.00
0.00
0.00
0.00
0.00

97.86

0.00
0.00
97.86

2.03
99.89

23
6.8641
1.110
7.950
0.000
0.467
1.263
2.969
0.122
0.125
4,946
0.000
0.000
0.000
2,000
0.000
2.000
0.229
0.126
0.17¢
0.530

15,426
0.000
0.000
2.000
2.000

0.37
rim
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KPGR
333

HBLD
a

32

47.13
5.25
3.94
9.59

14.36

13.76
0.57
0.53
0.00
0.69
0.00
1.07
0.00
0.00
0.00
0.00
0.00

96.89

0.00
0.00
96.89

2.02
98.91

OXYGENS

6.994
0.918
7.912
0.000
0.440
1.190
3.176
0.077
0.117
5.000
0.018
0.000
0.000
1.982
0.000
2.000
0.164
0.100
0.206
0.470
15.382

KPGR
333

HBLD
-]

33

45,92
5.82
4,22

10.26

13.77

13.67
0.92
0.69
0.00
1.08
0.00
1.01
0.00
0000
0.00
0.00
0.00

97.36

0.00
*0.00
97.36

2.01
99.37

6.838
1.022
7.860
0.000
0.473
1.27¢
3.056
0.121
0.072
5.000
0.055
0.000
0.000
1,945
0.000
2,000
0.266
0.131
0.236
0.633

15,492
0.000
0.000
2.000
2.000

0.36

KPGR
333

HBLD
3

a1

' 48.89
4,37
3.86
9.39

14,87
14,07
0.82
0.41
0.00
0.64
0.00
0.95
0.00
0.00
0,00
0.00
0.00
98.27

0.00
0.00
98.27

2.06
*100.32

7.127
0.751
7.878
0.000
0.623
1.145
3.231
0.070
0.117
T4.986
0.000
Q.000
0.000
2.000
0.000
2.000
0.232
0.076
0.198
0.506
15.370
0.000
0.000
2.000
2.000

0.33

KPGR
3332
HBLD

12

48,45
Lo14
3.%90
9,49

14.76

13.71
0.87
0.45
0.00
0.58
0.00
1.18
0.00
0. 00
0.00
0.00
0.00

97.53

0.00
0.00
97.53

2.0¢4
99.57
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Appendix 11

Complete microprobe analyses for Kpgr sample IVP (coded 869) are
given on the following pages. Nine analyses, representing 5 grains are
included. Average biotite composition for the rock is cited in Table
X. Two columns are listed for each analysis: the first column represents
the actual micorprobe analysis where all iron is computed as FeQ and
the second column lists the same analysis with 17% total iron computed
as Fep03. Both F and C1 were analyses for all points. P, Ba, S and Cr
were not analysed. Letters in column headings identify the 5 different
biotite grains (A-E). Rim vs. core analyses are indicated at the bottom

of the tables.



m

KPGR KPGR KPGR
869 869 869
BIOT BIOT BIOT
c c d
1 1 11
Si09 36.92 36.92 36.64
A1503 14.78 14.78 14.93
Fen03 0.00 3.60 0.00
Fel 19.05 15.81 17.69
Mg0 11.82 11.82 12.44
Ca0 0.16 0.16 0.06
Na,0 0.13 0.13 0.13
K25 8.90 8.90 8.96
Ho0 0.00 0.00 0.00
Ti0p 3.45 3.45 3.47
P20sg 0.00 0.00 0.00
MnO 0.58 0.58 0.66
Ba0 0.00 0.00 0.00
C1 0.02 0.02 0.02
F 0.29 0.29 0.30
S 0.00 0.00 0.00
Crz03 0.00 0.00 0.00
SUM 96.10 96.46 95.30
€1=0 0.00 0.00 0.00
F=0 0.12 0.12 0.13
SUM 95.97 96.33 95.17
H0 calc 3.81 3.85 3.80
SUM 99.79 100.18 98.97
CATIONS ON THE BASIS OF 11 OXYGENS
Si 2.797 2.772 2.785
Al{iv) 1.203 1.228 1.215
= 4.000 4.000 4.000
Al(vi) 0.118 0.080 0.123
Fe(iii) 0.000 0.203 0.000
Fe(ii) 1.207 0.993 1.125
Mg 1.335 1.322 1.409
Ti 0.197 0.195 0.198
P 0.000 0.000 0.000
Mn 0.037 0.037 0.042
Cr 0.000 0.000 0.000
M= 2.893 2.830 2.898
Ca 0.013 0.013 0.005
Na 0.019 0.019 0.019
K 0.860 0.852 0.869
Ba 0.000 0.000 0.000
A= 0.892 0.884 0.893
CATSUM  7.786 7.714 7.79
F 0.069 0.069 0.072
c1 0.003 0.003 0.003
H20 calc 1.928 1.929 1.925
ANSUM 2.000 2.000 2.000
Fe/Fe+Mg 0.47 0.47 0.44

KPGR
869

BIOT
d

1

36.64
14.93
3.34
14.68
12.44
0.06
0.13
8.96
0.00
3.47
0.00
0.66
0.00
0.02
0.30
0.00
0.00
95.63

0.00
0.13
95.50

3.83
99.33

2.761
1.239
4.000
0.088
0.189
0.925
1.397
0.197
0.000
0.042
0.000
2.839
0.005
0.019
0.862
0.000
0.885
7.724
0.072
0.003
1.926
2.000

0.44

KPGR
869

BIOT
d

12

35.87
14.43
0.00
17.46
13.18
0.14
0.22
9.12
0.00
3.04
0.00
0.54
0.00
0.03
0.33
0.00
0.00
94.36

0.01
0.14
94.21

3.73
97.94

2.765
1.235
4.000
0.076
0.000
1.126
1.514
0.176
0.000
0.035
0.000
2.927
0.012
0.033
0.897
0.000
0.941
7.868
0.080
0.004
1.916
2.000

0.43

KPGR
869

BIOT
d

35,87
14.43
3.30
14.49
13.18
0.14
0.22
9.12
0.00
3.04
0.00
0.54
0.00
0.03
0.33
0.00
0.00
94.69

0.01
0.14
94.54

3.76
98.30

2.741
1.259
4.000
0.041
0.190
0.926
1.501
0.175
0.000
0.035
0.000
2.867
0.011
0.033
0.889
0.000
0.933
7.800
0.080
0.004
1.916
2.000

0.43
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KPGR KPGR KPGR
869 869 869
BIOT BIOT BIOT
a a b
1 n 1
Si0, 35.68 35.68 35.92
Al1203 14.93 14,93 14,84
Fey03 0.00 3.26 0.00
Fe 17.28 14,34 17.32
Mg0 12.02 12.02 11.48
Ca0 0.02 0.02 0.09
Na 20 0.03 0.03 0.11
KZS 9,28 9.28 8.89
H20 0.00 0.00 0.00
Ti0, 3.53 3.53 3.87
P20 0.00 0.00 0.00
Mn0 0.46 0.46 0.73
Bal 0.00 0.00 0.00
C1 0.00 0.00 0.02
F 0.24 0.24 0.44
S 0.00 0.00 0.00
Cro03 0.00 0.00 0.00
SUM 93.47 93.80 93.71
C1=0 0.00 0.00 0.00
F=0 0.10 0.10 0.19
SUM 93,37 93.70 93.52
Ho0 calc 3.75 3.78 3.66
SUM 97.12 97.48 97.18
CATIONS ON THE BASIS OF 11 OXYGENS
Si 2.768 2.744 2.783
Al(iv) 1.232 1.256 1.217
T= 4,000 4,000 4,000
Al(vi) 0.133 0.098 0.138
Fe(iii) 0.000 0.189 0.000
Fe(ii) 1.121 0.923 1.122
Mg 1.390 1.378 1.325
Ti 0.206 0.204 0.225
P 0.000 0.000 0.000
Mn 0.030 0.030 0.048
Cr 0.000 0.000 0.000
M= 2.880 2.821 2.859
Ca 0.002 0.002 0.007
Na 0.005 0.004 0.017
K 0.918 0.911 0.879
Ba 0.000 0.000 0.000
A= 0.925 0.917 0.903
CATSUM  7.805 7.738 7.762
F 0.059 0.058 0.108
C1 0.000 0.000 0.003
Hp0 calc 1.941 1.942 1.890
ANSUM 2.000 2.000 2.000
Fe/Fe+Mg 0.45 0.45 0.46

KPGR
869
BIOT
b
1

35.92
14.84
3.27
14.38
11.48
0.09
0.1
8.89
0.00
3.87
0.00
0.73
0.00
0.02
0.44
0.00
0.00
94.04

0.00
0.19
93.85

3.69
97.54

2.759
1.241
4.000
0.103
0.189
0.923
1.314
0.224
0.000
0.047
0.000
2.800
0.007
0.016
0.871
0.000
0.895
7.895
0.107
0.003
1.891
2.000

0.46

KPGR
869
BIOT
e
1

36.98
13.98
0.00
18.16
12.14
0.10
0.21
9,38
0.00
3.87
0.00
0.42
0.00
0.04
0.32
0.00
0.00
95.60

0.01
0.13
95.46

3.77
99.23

2.816
1.184
4.000

0.077,

0.00u
1.157
1.378
0.222
0.000
0.027
0.000
2.855
0.008
0.031
0.911
0.000
0.951
7.806
0.077
0.005
1.918
2.000

0.46

KPGR
869
BIOT

36.98
13.98
3.43
15.07
12.14
0.10
0.21
9.38
0.00
3.87
0.00
0.42
0.00
0.04
0.32
0.00
0.00
95.94

0,01
0.13
95.80

3.81
99.61

2.79
1.209
4.000
0.036
0.195
0.952
1.366
0.220
0.000
0.027
0.000
2.794
0.008
0.031
0.903
0.000
0.942
7.736
0.076
0.0n5
1.918
2.000

0.46
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KPGR KPGR KPGR
869 869 869
BIOT BI0T BIOT
d d c
13 13 n
Si07 37.46 37.46 36.50
Al503 15.05 15.05 14.46
Fes03 0.00 3.32 0.00
Fel 17.60 14.61 17.82
Mg0 13.02 13.02 12.84
Ca0 0.07 0.07 0.07
Nao0 0.10 0.10 0.170
KZS 9.08 9.08 9.30
H20 0.00 0.00 0.00
Ti0, 3.60 3.60 3.44
P20g 0.00 0.00 0.00
Mn0 0.63 0.63 0.57
Bal 0.02 0.02 0.00
1 0.16 0.16 0.00
F 0.00 0.00 0.16
S 0.00 0.00 0.00
Cro03 0.00 0.00 0.00
SUM 96.79 97.12 95.26
C1=0 0.04 0.04 0.00
F=0 0.00 0.00 0.07
SUM 96.75 97.09 95.19
Ho0 calc 3.98 4.02 3.86
SUM 100.74 101.10 99.05
CATIONS ON THE BASIS OF 11 OXYGENS
Si 2.792 2.769 2.781
Al(iv) 1.208 1.231 1.219
T= 4.000 4.000 4,000
Al(vi) 0.115 0.080 0.080
Fe(iii) 0.000 0.185 0.000
Fe(ii) 1.097 0.903 1.136
Mg 1.446 1.434 1.458
Ti 0.202 0.200 0.197
P 0.000 0.000 0.000
Mn 0.040 0.039 0.037
Cr 0.000 0.000 0.000
M= 2.900 2.842 2.907
Ca 0.006 0.006 0.006
Na 0.014 0.014 0.015
K 0.863 0.856 0.904
Ba 0.001 0.001 0.000
A= 0.884 0.877 0.925
CATSUM  7.784 7.718 7.832
F 0.000 0.000 0.039
1 0.020 0.020 0.000
Ho0 calc 1.980 1.980 1.961
ANSUM 2.000 2.000 2.000
Fe/Fe+Mg 0.43 0.43 0.44

KPGR
869
BIOT

c
11

36.50
14.46
3.37
14.79
12.84
0.07
0.10
9.30
0.00
3.44
0.00
0.57
0.00
0.00
0.16
0.00
0.00
95.60

0.00
0.07
95.53

3.89
99.42

2.757
1.243
4.000
0.044
0.191
0.934
1.445
0.195
0.000
0.036
0.000
2.847
0.006
0.015
0.896
0.000
0.916
7.764
0.038
0.000
1.962
2.000

0.44

KPGR
869

BIOT
c
12

37.52
14.27
0.00
17.71
12.83
0.10
0.22
9.29
0.00
3.20
0.00
0.55
0.00
0.07
0.21
0.00
0.00
95.97

0.02
0.09
95.87

3.85
99.72

2,832
1.168
4.000
0.102
0.000
1.118
1.443
0.182
0.000
0.035
0.000
2.880
0.008
0.032
0.895
0.000
0.935
7.815
0.050
0.009
1.941
2.000

0.44

KPGR
869

BIOT
C
12

37.52
14,27
3.34
14.70
12.83
0.10
0.22
9.29
0.00
3.20
0.00
0.55
0.00
0.07
0.21
0.00
0.00
96.30

0.02
0.09
96.20

3.89
100,09

2.808
1.192
4.000
0.067
0.188
0.920
1.431
0.180
0.000
0.035
0.000
2.821
0.008
0.032
0.887
0.000
0.927
7.748
0.050
0.009
1.947
2.000

0.44
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Appendix III

The complete set of microprobe analyses for Tpg sample BLM9800! is
given on the following pages. Two columns are given for each analysis:
the first column treats total iron as Fe0 as determined by microprobe
analysis and the second column repeats the analysis with Fes03 computed
as 66% of the total iron to show the effect of Fet3 on the mineral
formula. Theoretical water contents are computed as OH = 2.00 -F-C1.

Five muscovite grains are represented. Duplicate analyses for
points b1l and b12 represent two separate microprobe sessions--one
included analysis for fluorine, the other did not.

Averages 1 standard deviation for 3 "primary" and 2 "secondary"
muscovites are given below.

Primary (pts b 11,12
b 41,42 Secondary (pts d1)
X1

e 11,12
$i0y 45.61  0.44 46.11  0.08
A1903 32.19  1.00 32,79 0.75
Fe0 4.32  0.53 4.03  0.93
Mg0 0.87 0.21 0.78  0.25
- Ca0 0.06 0.06 0.05 0.05
Na20 0.46 0.12 0.29  0.04
K20 10.07 0.28 10.40  0.08
T10, 0.78  0.11 0.36 0.06
MnO 0.09 0.08 0
F 0.23 0.14 0.36 0.06
94.68 95.17
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TPG - TPG TPG TPG TPG TPG

9500 9800 9300 9800 9800 9800
MuSC AusC Mysc Musc NUSC HUSC
) b . b b b b
11 11 12 127 41 41
$i02 45.02 45,02 45,53 45.53 45.93 45.93
AL203 31.63 31.460 31,80 31.80 31.11 31.11
Fe203 0.00 3.20 0.00 3.26 0.00 3.64
Feo 4,37 1.649 6.45 1.51 4,96 1.69
Mso 0.82 Ce82 Q.76 0.76 1.07 1.67
cao d.00 0.30 0.00 0.06 0.00 0.40
Na20 2.54 0.5¢4 0.61 0.41 0.49 Q.49
K20 10.32 1G.32 9,74 9.74 10.40 10.40
H20 J.08 0.00 0.00 0.00 0.00 0.00
Tig2 0.39 0.89 0.87 0.87 0.72 0.72
P235 0.30 0.06 0.30 0.G0 0.00 0.00
Mnu 0.13 ‘Ce13 0.19 0.19 9.00 0.C0
833 0.00 g.00 0.C0 0.00 Q.00 0.00
ct 0.400 0.00 0.00 0.G0 0.00 0.C0
F 9.00 0.00 0.00 | 0.C0 . 0.00 0.00
s 3.00 0.GC 0.00 0.Co 0.00 0.00
€r203 2.00 0.00 g.00 0.00 0.00 .03
SuM 93.69 94,01 93,75 94,08 94 .68 95.G4
cL=0 _ 0J.00 0.00 0.00 0.00 0.00 0.02
F=Q 0.00 g.00 G.00 0.00 0.00 0.00
sum 93.69 94.01 93.75 94.08 94 .68 95.04
H20 cale 4,34 4.38 4,37 4,40 4,38 4,62
SuM 98.233 98.39 98.12 93.48 99.06 99.46
CATIQNS ON THE BASIS OF 11 OXYGENS
Si 3.108 3.084 3.126 3.102 3.142 3.115
AlLCiv) 0.392 0.%1¢ 0.874 0.898 0.858 . J.885
T= 4.000 4.00C " 4,000 4,000 4.000 4,000
Al(vi) 1,679 1.637 1.699 1.456. 1.651 1.503
Fe(iii) G. 000 G.165 J.Co0 0.167 0.000 0.186
FeCii) 3.252 0.025 0.255 0.086 0.284 G.0%6
Mg 0.084 © 0.084 0.078 3.077 0.109 Ge108
Ti 0.046 0.046 0.G45 0.045 0.037 0.037
[ 0.0G3 c.003 0.000 0.000 0.000 J. GO0
Mn 0.008 C.003 0.011 0.011 g.000 - 000
Cr 0.900 0.300 0.000 g.000 0.000 J.630
a= ’ 2.070 2.02¢ 2.089 2.062 2.082 2.029
Ca 3.0C0 g.00¢ 0.000 0.000 3.006 G.000
Na 0.072 0.072 0.055 0.054 Q.065 J.064
X 0.%39 0.9402 0.853 0.347 0.908 C.50¢
3a 0.000 0.03CC 0.C00 0.0360 g.000 0.000
A= U.731 0976 0.908 0.701 0.973 0.964
CATSUM 7.351 5.993 6.596 6,943 7.053 8.59¢4
F 0.000 3.3CGC 0.c00 0.000 0.000 C.00U
cL 0.3G0 €.0C0 0.600 0.000 0.500 Je00C
H20 calce 2.903 2.3GC 2.000 2.C00 2.000 2.00C
ANSUM 2.000 2.350 2.000 2.300 2.06C 2.000C

Na/x 0.08 g.08 0.06 Q.06 Q.07 0.07
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TPG TPG TPG TPG TPG TPG
9800 98G0 9800 9800 98G0 9800C.
Musc Musc nysc aUSC Mys e MuscC
b b b b b D
11 11 12 12 42 42
sin2 45.75 45.75 45,77 45,77 45473 45.73
AL203 32.21 32.21 33.56 33.54 30.94 30.94
Fe203 0.30 3.07 0.09 2.85 3.00 3.78
Fel 4.13 1.62 3.38 1.32 5.16 1.75
Mgo 0.79 3.79 0.39 .89 1.27 1.27
Cad Jedb 0.04 0.15 3.15 0.1 0.11
Na29 3.51 J.51 3.46 Q.46 0.22 3.22
K20 12.05 10.05 9.81 9.81 10.44 10.44
H2D 2.00 0.00 0.C0 0.00 0.00 0.03
Ti02 D.84 0.36 0.90 0.90 ) 0465 0.65
P205 0.00 .30 0.00 0.00 J3.00 0.03
Mn0 Q.06 . 0.26 0.19 0.19 0.01 0.01
8a0 ) 3.430 0.30 0.00 0.00 0.00 0.C0o
ct 3.00 0.30 0.00 0.00 J3.00 3.00
F : Je12 J.12 T 0.33 0.38 0.08 0.03
S 3.00 2.30 0.00 9.00 0.00 0.G0
€r203 - .00 0.00 0.00 0.00 0.00 J.CJ
Sus 94.55 94.46 95.97 56,25 94 .61 94.99
cL=0 J.20 J.30 0.00 .0.00 0.00 0.C3
F=0 J3.05 0.05 3.16 J.16 0.03 0.03
Su# 94.50 94,31 95.81 36,39 94,58 94.55
H20 calce 4.346 6,37 4,28 6.31 6,33 6.37
SUH 93.34 99.18 100.909 100.41 93.91 99.23
CATIONS ON THE SASIS OF 11 OXYGENS
Si 3.118 3.096 3.074 3.054 3.137 3,109
AlCiv) 3.332 0,904 0.926 0.946 3.863 0.5%1
T= 4,060 4.300 "4 .00G 4.000 4.000 4.Gu0
CALCwi) 1.706 1.066 1,729 1.692 1.639 1.589
FeCiii) J.030 0.156 0.000 0.143 0.000 6.19¢4
Fe(ii) - D.233 0.580 0.213 0.074 0.296 0.130
Mg 0.080 0.080 0.089 0.088 g0.130 0.129
Ti T U043 0.063 0.045 0.045 3.034 0.033
P 6.030 0.000 0.000 0.060 0.000 0.C0G
Mn 0.003 0.003 0.011 0.011 0.0G1 0.501
cr 3.000 G.000 0.000 3.000 0.000 0.000
n= 2.071 2.028 2.092 2.053 2.099 2.045
Ca ~ 0.903 £.003 C.011 0.011 0.008 J.308
Na C.067 0.067 0.060 0.060 0.029 3.G29
K 0.874 0.568 0.840 0.835 0.914 0.506
Ba c.000 G.G00 0.C00 Q.000 0.000 Q0.CG0
A= 0.944 0.937 0.911 0.9G5 0.751 0.963
CATSLNM 7.315 6.966 7.0G3 6.958 7.050 6.983
F 0.026 0.026 0.C531 Q.080 0.317 G.017
et 0.000 C.000 0.Q00 0.060 0.000 000G
H2C calc 1.574 1.974 1.319 1.920 1.983 1.583%
T ANSUM 2.300 2.G3aa 2.0C0o 2.0GG 2.000 2.000

Na/K c.08 Q.08 0.07 0.07 g.03 0.03



$i02
Al203
Fe203
FeO
Mgo
Cao
Na20
K2C
H20
Ti02
P20S
Mno
8a0
cL

€r203
Sum

cit=0
F=Q
SuH“

H20 cale
sum

CATIONS ON THE SASIS OF

Si
AlCiv)
T=
Al(vi)
Fe(iii)
Felii)
Mg
Ti
P
An
Cr
M=
Ca
Na
X
da
A=
CATSUM
F
ct
H20 cale
ANSUM

Na/K

TPG
9800
MUsc

11

46,22

33.32
0.30
3.92
0.53
0.15
0.56
9.52
€.20
0.75
0.40
C"‘
2.030
0.00
0.21°
0.00
Q.03

95.740

.00
0.39
95.61

4,36
99.93

3.105
G.3895
4.0u0
1.743
0.000
C.22¢
0.063
G.037
0.cac
0.008
0.000
2.071
0.011
J.073

0.3642 -

0.000
U.925
6.996
0.045
d.4d0
1.95°%
2.000

0.09

TPG

9800
Mysc

11

46,22
33.32
2.87
1.33
0.63
0.15
0.56
9.82
g0.00
0.73
0.00
g.14
0.00
0.00
0.21
c.o00
0.900
95.99

.20
0.09
95.90

4.39 .
100.29

11
3.08¢
0.%16
4.000
1705
0.144
0.07¢
0.C63
0.037
0.000
0.00¢8
g.000
2.031
0.011
0.072
0.8306
0.0GC0
0.91¢
00951
0.044¢
0.000
1.956
2.000

0.09

177

TPG
9800
MUSC

12

44,91
33.01
0.00
3.67
0.69
0.01
0.53
.97
Q.00
0.62
g.0C
O.GO
0.00
0.00
0.37
0.0C
g.aq0
93.78

0.00
0.16
93.62

4.19
97.81

OXYGENS

3.085
g.915
.4.000
1.759
0.000
0.211
0.071
0.032
0.000
0.0Co
0.000
2.073
0.001
3.071
0.374
0.CCC
0.945
7.018
g.08c
0.000
1.92C
2.00C

0 -08

TPG
9800
MUsC

12

44 .91
33.01
2.69
1.25
0.69
Q.01
Q.53
9.97
¢.00
Q.62
0.00
0.00
0.00
0.00
0.37
0.ao
g.00
94.05

0.00
Q.16
93.89

.22

3.U66
0.93¢
4.000
1.723
g.138
0.071
0.070
0.032
0.0G0
0.000
0.00¢
2.035
0.GG1
0.070
0.863
0.CC3
0.93%
64974
8.080
0.000
1.920
2.000

G.03

TPG
98C0
MUSC

66,17
32.26
0.00
4,69
0.96
0.00
G.32
10.45
0.00
C.40
0.30
0.00
0.00
g.o0
3.32
0.00
3.03
95.57

0.00 .

G.13
9S .44

6,27
99.71

3.129
0.371
4.000
1.706
0.000
0266
0.097
J.020
0.000
d.000
g.000
2.089
0.000
J.042

0.903 -

3.000
J.946
7.035
0.069
d.000
1.931
2.0400

0.05

TPG
9830

Mysc

46.17
32.26
3,46
1.59
0.96
0.00
0.32
10.45
0.00
0.4C
0.00
0.00
0.00
0.00
0.32
0.00
3.00
95.91

0.00
c.‘s
95.78

4,31
100.09

J.1G6
0.896
4.C0Q
Te607
J.174
0.090
J0.C96
0.GC20-
0.0G0
0.C00
0.000
2.041
0.000
0,042
C.89s
G.GQ0
0.933
6.979
C.068
J.000
1.932
2.000

0.35



TPG
2800
Mysc
X
1
$i02 48405
Al203 33.32
Fe203 J.33
Fed 3.37
Mg3 0.00
Cao0 «39
Na20 0.20
K29 10.34
H20 0.00
Tio2 J.32
P20S 0.00
Mno 0.00
Bao 0.30
ctL J.40
F 0.43
S 8.J0
Cr203 0.00
SUM 34.75
CL=0 0.00C
F=Q 0.17
SUX 94 .54
H20 cale 4,23
sum 98.31
CATIONS ON THE BSASIS OF
Si 3.126
AlCiv) 0.876
Ta 4.3C9
Al (vi) 1.7%%
Fe(iti) 0.000
Fe(ii) J.191
Mg 0.0¢1
Ti J.01¢
P G.3C0
M G.000
Cr 0.00G
M= 2.057
Ca 0.007
Na J.u3s
K 3.395
Ba J.000
A= C.936
CATSUM 6.292
F ‘0.380
ct 3.00C
H2C calc 1.914
ANSUN 2.GGC¢
Na/K 0.02¢4

TPG
9800
MUSC

40,05
33.32
2,47
1.15
J.60
0.09
0.26
13,34
0.00
3.32
0.00
0.560
0.90
c.00
G.40
d.00
2.00
95.00

t.00
Q.17
96,83

4.26
$9.08

11 oxvq%us
2.106
G.394
4.000
1.755
0.125
0.065
0.060
0.016
0.000
0.000
0.000
2.022
0.007
0.03¢
3.890
0.000
0.930
6.952
0.085S
G.000
1.915
2.00C

0.0¢4
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